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Spin-split two-dimensional electron gas perturbed by intense terahertz laser fields
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A time-dependent theoretical approach is developed to investigate the effects of intense tEFatmitser
radiation on optoelectronic properties of a two-dimensional electron(2B&G in which the spin-orbit
interaction is induced by the Rashba effect. It is found that for InGaAs-based spintronic systems, the electron
density of states, the Fermi energy and the spin polarization are sensitive to THz laser fields. The results
demonstrate that intense THz radiation can be used to enhance spin polarization and to achieve optical
perturbation of the spintronic properties of a 2DEG and the Rashba spin splitting can be identified optically.
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At present, one important aspect in the field of spin elec2DEG in which SOI is induced by the Rashba effect. The
tronics (or spintronic$ is to investigate spin polarized elec- growth direction of the 2DEG is taken along thexis. An
tronic systems realized from semiconductor nanostructuresm field with a vector potential(t) is applied along the
in the absence of an external magnetic field. The realizatiogirection and is polarized linearly in the two-dimensional
of these novel material systems has led to recent proposalgD)-plane (taken along thex directior). In this configura-
dealing with advanced electronic devices such as spifion, the em field couples to the potential induced by SOI
transistors, spin waveguide$,spin filters? etc. It is known  and, as a result, the electronic subband structure can be per-
that in narrow-gap semiconductor nanostructures such agrped optically. By including the lowest order of SOI in-

quantum wells, the zero-magnetic-field spin splittic@  duced by the Rashba effetd the electron Hamiltonian can
spontaneous spin splittingf the carriers can be achieved by pe written as

the inversion asymmetry of the microscopic confining poten-

tial due to the presence of the heterojuctfomhis corre- H(t) = Di(t) + plzg o«
sponds to an inhomogeneous surface electric field and, T om* 3
hence, is electrically equivalent to the Rashba spin splitting,_| . ) ) )
or Rashba effect.The state-of-the-art material engineering H€ré,m* is the electron effective masp,=-i%d/dy is the
and micro and nanofabrication techniques have made it po§fomentum operator, when an em field is presgnt: p,(t)
sible to achieve experimentally observable Rashba effect irf; Px~€Al), oy and oy are the components of the Pauli spin
e.g., InAs- and I, GaAs-based two-dimensional electron Matrix, « is the Rashba parameter, which measures the
gas(2DEG) systems. The value of the Rashba parameter itrength of the SOI, and(z) is the confining potential of the
these spintronic systems has reached up ate (3-4) 2DEG along the growth direction. This Hamiltonian is a 2
%101 eV mé The published experimental reséifshave <2 matrix and the corresponding time-dependent
indicated that in InAs-and in,GaAs-based 2DEG systems, Schrédinger equation can be solved analytically. Here we
the spontaneous spin splitting is mainly induced by the@ake A(t)=(Fo/w)sin(wt) under the usual dipole approxima-
Rashba effecfwith a SU2) symmetry which can be en- tion, wherew and F, are, respectively, the frequency and
hanced with increasing the gate V0|tage app“ed Other Corﬁ|eCtriC field Strength of the radiation field. The time-
tributions such as the Dresselhaus t¢with a SU1,1) sym-  dependent electron wave function is then obtained as
metry] is relatively weak, because it comes mainly from the _ —i[Eng (K +Eenlt/h

bulk-inversion asymmetry of the materfalCurrently, the Wrko(RD) = Wricp(R, 0 Entt*Eerd
Rashba effect in a 2DEG is mainly identified via magne- x @7 sin2ohgrolktaky)[1-coset] —(Dgq)
totransport measuremefitsand most of the published work _ . h

in the field of spintronics has been focused on electronic an&vIt

transport properties of 2DEG’s in the presence of the spin- Vo (R,0) = 2—1/2(1,g(ky_ ikX)/k)e‘k'rzpn(z) (2b)

orbit interaction (SOI), due to important applications as . . :
novel electronic devices. being in the form of a row vector. HereR=(r,2z)

In this paper, we study optoelectronic properties of spin=(X:¥,2),n is the index for thenth electronic subband along
tronic systems in the presence of intense terahert$he Z direction,k=(kcky) is the electron wave vector in the
(1012 Hz or TH2) electromagnetiéem) radiation. The prime 2D plane, k=(G+K)Y2, o=+1 refers to different spin
motivation of this work is to examine how electrons in a branches, and
spin-split 2DEG interact with intense laser field and to ex- T YR
pFore tﬁm possibility to achieve optical control of the spin- Eng(k) = A%KCT2M + ook +ep ®
tronic devices. Here we focus our attention on single-particlés the energy spectrum of the 2DEG. The electron wave
aspects of the system. We consider ap_J@aAs-based function #,(z) and subband energy;, are determined by a

[O'ypx(t) - pry] +U(2). (1)
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spin-independent Schrédinger equation alongzteection. J J J T
Furthermore Eq=(eFy)?/4m »? is an energy induced by 2 —20—_0 22331;5 mov
the radiation field due to dynamical Franz-Keldysh effeé, em
Y=Een/ 2hw,1g=€Fy/m" w?, andk,=am*/#2. It can be seen
that because the radiation field couples to the spin orbits, the
presence of the em field shifts the center of the electron wave
function [so thatx— x—ry(1+0k,/k,)coqwt)] and the shift 0 T i
depends on the SOI via=+1. - =1 kviom

With the time-dependent electron wave function, one can 5 |f=0.5 THz
derive the retarded propagator or Green’s function for elec- Eem=1.06 meV
trons in time representation. For a spin-split 2DEG subjected
to a radiation field, we have

D4{END,

D4{EVD,
L
n
|

' ' 0
Grkonk’ o (61") = 64 0 k1 051 ,eCrkoltit’), (4a) t ! L I L
8 2 1 o0 1 2 3

Electron Energy E-E,,, (meV)

where

FIG. 1. Density of states for a 2DEG in the * spin branches in
i i . the absencéupper pangland presencdower panel of an em field
Grolt,t') =— gﬁ)(t — 1)/l Eno0*Eeml )R at a fixed RasF,)iE)ba zarameterpHere, the eleci)ron ]energslis mea-
sured from Egn=(eFp)?/4m w?, Do=m'/wh, D(E)=D,(E)
% @ sin2et)-sin2et’)]g-iro(ketok,)[codwt)-codwt”)] +D_(E) is total DOS,f=w/2, and in the lower pane¥=-1, 0,
(4b) and 1 are the contributions from, respectively, one-photon emission,
elastic-photon  scattering, and one-photon absorptids,
=a”m’ [ 2h2.
is a two-time Green’s function due to the time-dependent
nature of the radiation field, witkd(x) being the unit step " _ _
function. Thus, the steady-state Green’s function in spectrum _ Do * , ,
representation can be obtained by Fourier analyzing D(®)= SWZME ®(E'\")f_w dqbf_ﬁd(ﬁ Cu-(4.4")
Gno(t,t') along thet—t’ direction and by averaging the ini-

=—00

tial time t’ over a period of the em fiel, which reads X[(1+ VEJEWIu-(,¢)+ O(E,~ Ey)
. , X(VEJ/Ey = Dyl 6= ¢")]. (6b)
FM[ro(kx"' ok,)]

Gnka'(E) = E

. (5  Here,Do=m/7h?, E,=a?m [2h? Ey=E~Een~Mhiw+E,,
M:—mE_Eem_Eng(k)_Mﬁw'i'its () 0 a= @ M em~ VW a

Ag=ro\2m /1, Cy,(¢p,d')=cogM(p+ ') +TAg\E,(sin ¢
_ S . +sing’)=yfsin(2¢)-sin2¢") ]}, and Ivo(, &)
Here,E is the electron energy, an infinitesimal quantidyis :Jo[Ao(\’ET\A—U\fEa)(Sin $+sin ¢")]. For the case of high-
introduced to make the integral coveradd,>0 (M <0) frequency and/or low-intensity radiation so th&~ Fy/ »?

corresponds to channel foi-photon absorptiorgemission .0, Egs.(6a) and (6b) become the DOS of a spin-split

and M=0 to a channel for elastic photon scattering, andopeG in the absence of the em radiation

Fu(X)==12_.J(9)do-m(X) with Jy(x) being a Bessel func- ’

tion. D.(E) = (Dy/2)O(E)[1 - VE/(E+E,)] (79
From the imaginary part of the retarded electron Green'’s

function in spectrum representation, we can immediately opand

tain the electron density-of-state@®0S). From now on, we D_(E) = (Dy/2)[®(E)(1 + VEJ(E+E,))
limit ourselves to the situation of a narrow-width quantum - e ¢
well in which only the lowest electronic subband is present +20(-E)O(E+E)VE/(E+E,)]. (7b)

(i.e., n=0). Measuring the energy fromy;=0, the steady-

state DOS for a 2DEG in the + spin branch is given by In this paper, the numerical results are presented for

In,_,GaAs-based 2DEG systems in which the Rashba effect
" dominates the spintoronic properties. Here the electron effec-
_ Do x tive mass is taken as =0.042n, with m, being the electron
D.(E) = 8712M§_m O(Ew - Ea) rest mass. In Fig. 1, the DOS for a 2DEG in the £ spin
branches is shown in the absence and presence of a radiation
i T == , field. We see that in contrast to a spin-degenerate 2DEG
X f_ﬂdqbf_wdd’ (1 =VEJEW)Ims(b,¢") whose DOS is given simply b(E)=Dy®(E), the DOS for
a spin-split 2DEG depends strongly on the SOI. As a result,
X Cys(¢,¢") (68 (i) electrons in different spin branches have different DOS;
(i) the DOS depends not only on those step functions but
and also onE,~ a? via Ea/E’,:,l, because of a nonparabolic en-
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ergy spectrum given by E¢3); (i ) the DOS in the — branch 20 T T T T
is always larger than that in the + branch, which implies that N g

the electron density in the spin-down states is always larger > ! 2 /7

than that in the spin-up states; afid) more importantly, the LE;E o '§ ,/' 7]
presence of the SOI leads to a redshift of the DOS by an u’ .0 |- " { /Fo=5kvem —
energy E,=a?m’/242 and the maximum DOS can be ob- ui” o=3x10° evm 4

served atE-Eg,=-E, in the spin-down branch. Moreover, =20 _r:fzxm CT 1% | 7
when the radiation field is presert,) the electron DOS is 0.7 [T T HHHHr— i Hi
blueshifted by an energi.=(eF;)?/4m" w? because of dy- v 1.,.--;.43-7-'::.,..‘:.;;.,._..____
namical Franz-Keldysh effeét!? (2) the peaks of the DOS 06— " *° woL2/5 m
can be observed wheb-E,,+E,=M#Aw is satisfied, due to s: 0.5 .
opening up of channels for optical transition including mul- =

tiphoton emission and absorption. These peaks are mainly 04 Mﬂf—
induced in the — spin branch; aii8) the DOS can exist even 03 1= .’.‘...fl ]
whenE-E.,+E,<0 because of channels for optical emis- 0.01 o1 1 10

sion, whereas there is no DOS wherE_, <0 in the ab-
sence of the radiatiosee upper panel of Fig..1
The electron DOS is one of the central quantities to de- FIG. 2. Fermi energfr measured fronk,y, (upper pangland

termine and to understand almost all physically measurablelectron density in different spin branches (lower panej as a
properties. A direct and important application of the DOS forfunction of radiation frequency=w/2m at a fixed total electron
a 2DEG with SOl is to determine the Fermi energy of thedensityn, and a fixed Rashba parameterfor different radiation
spintronic system and the electron density in different spirintensitiesF, as indicated.

orbits. The electron density in the spin brancks defined by
n,=J7.dE f(E)D(E), with f(E) being the Fermi-Dirac
function. At a low-temperature limii.e., T— 0), the electron

Radiation Frequency f (THz)

the radiation can be neglected. As a reskl,and n, are
close to those obtained &,=0. (ii) For low-frequency ra-

density in the + spin branches is obtained as

o

n=—0 ¥ <E¥—Ea>fd¢fﬁd¢’<@

AT Ag e

~E,) y(¢,4)Cu(d,¢")

and

4

+VE)My-(,¢')+ O, ~ EV(E,
~VEN Ty (6],

(8a)

n.= ﬂon 2 ®(EM)f_Wd¢J_wd¢,CM—(¢-¢/)[(\’/E_¥

(8b)

diation so thathiw<1, the energy exchange during an
electron-photon scattering event is relatively small and the
radiation therefore affects rather weakly the spintronic prop-
erties. (iii) However, whenf ~0.1-1 THz, the photon en-
ergy hw is comparable to the spin energi, for
In,,GaAs-based systems. The radiation field couples
strongly to the potential induced by the SOI and, hence, a
strong effect of the radiation on spintronic properties can be
expected. With increasing radiation frequency, the spin po-
larization [i.e., p=(n_—n,)/ng] first decreases and then in-
creases. With further increasirig p decreases and becomes
that in the absence of an em field whag<1.

From Fig. 3, we see that when the radiation frequency is
at f~0.1-1 THz, the strongest effect of the radiation on

o -
where EF EM|E Er with Er being the Fermi energy
and  Tly,(¢,¢)=(sin g+sin ¢') [ ANEN - E,)
X(sin ¢p+sin ¢’)]. For the case of high-frequency and/or
low-intensity radiation so tha#,~Fo/w?— 0, the electron 100
density in the + spin branch is given by Ref. 1f; ne=2x10"! cm

=(nNe/2) F (K, / 277)\ 27— k2 With the condition of electron
number conservation,=n,+n_, wheren, is the total elec-
tron density of the 2DEG, the Fermi energy can be deter-
mined.

The dependence of the Fermi level and of the electron
distribution in different spin orbits on frequency and inten-
sity of the radiation field is shown in Figs. 2 and 3. From Fig.
2, we see that high- and low-frequency radiation affects 0.2 '3'1 L "'“"1' . "““1"0 o
rather weakly both the Fermi energy and the electron distri- ’ Radiation Intensity F (kV/cm)
bution, and a strong effect of the radiation on these quantities
can be observed wheri=w/27 is at 0.1-1THz for FIG. 3. Fermi energ¥r—E,y, and electron distribution,/ng in
In; GaAs-based 2DEG systems. The main physical reasonge + spin branches as a function of radiation intenBisat a fixed
behind this interesting phenomenon are as follo@sFor  total electron density, and a fixed Rashba parametefor differ-
high-frequency radiation so th#,~ w?<1, the effect of ent radiation frequenciekas indicated.

50

Er-Egr (meV)

| o=3x10""" evm
-2

N/Ng
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spintronic properties can be observed when the radiation intheoretical results is that intense laser radiation can be used
tensity Fq is at about 10 kV/cm. For low-intensity radiation to enhance spin polarization and to achieve optical control of
such thatAg~ Fy<1, the effect of the radiation field can be the spintronic systems. At present, the best laser sources to
neglected andex and n, are close to those obtained B§  provide intense THz radiation are far-infrared free-electron
=0. WhenF, is at about 10 kV/cm, the conditioAEY?  laser(FELs).%!? In fact, using FEL's as intense THz radia-
~1 and%w~ E, can be satisfied and, consequently, a strondion sources the dynamical Franz-Keldysh efi@fKE) has
radiation effect on spintronic properties can be observed. Abeen observed in spin-degenerate 2DEG systems via measur-
very high excitation levels so thaﬁoE},’2> 1, the radiation ing the optical-absorption-edg®©PE).° It should be noted
affects the Fermi energy strongly but the spin polarizatiorthat the OPE connects directly to the electron DOS. Thus, the
weakly. In this case, the system cannot absorb fully the enredshift of the DOS by a spin energy,= o’m’/ 242 (see Fig.
ergy from the radiation field via the SOI amigt - E.,, there- 1) can also be measured via optical experiments and, hence,
fore can become negative, which implies that photon emisthe Rashba parameter can be determined optically. Currently,
sions are principle channels for the determination of thehe most popularly used experimental technique to identify
Fermi level and the spin polarization. With increasing radia-the Rashba spin splitting is magnetotransport measurements
tion intensity, the spin polarization first increases and therthat require Ohmic contacts and quantizing magnetic fields;
decreases. With further increasifig, p depends weakly on in this case the Rashba effect is mixed with the Zeeman spin
Fo. splitting. Therefore the optical examination of the Rashba
The results shown above have demonstrated that when apin splitting is more favorable. Finally, we hope that the
intense THz em field is applied to an,lpgGaAs-based important and interesting theoretical predictions merit at-
2DEG with the SOI induced by the Rashba effect, the radiatempts at experimental verification.
tion field can couple strongly to the spin orbits and perturb
significantly the spintronic properties of the device system.
In such a case, the spin polarizatigs (n_—n,)/n,, can be
altered and enhanced optically from about 0.3 to @¥re The author received financial support from the Australian
than 60% through varying the radiation intensity or fre- Research Council. Discussion with P. Vasilopoul@®sncor-
guency. The most important conclusion drawn from thesedia University, Canadaare gratefully acknowledged.
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