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Spin-current generation and detection in the presence of an ac gate
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We predict that in a narrow gap IlI-V semiconductor quantum well or quantum wire, an observable electron
spin current can be generated with a time-dependent gate to modify the Rashba spin-orbit coupling constant.
Methods to rectify the so generated ac current are discussed. An all-electric method of spin-current detection is
suggested, which measures the voltage on the gate in the vicinity of a two-dimensional electron gas carrying a
time-dependent spin current. Both the generation and detection do not involve any optical or magnetic media-
tor.
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One key issue in spintronics based on semiconductor ispin degeneracy of conduction electrons is lifted by SOlI,
the efficient control of the spin degrees of freedom. Dattgproducing a splittingA =% ak, betweens,=1/2 and s,
and Da$ suggested the use of gate voltage to control the= —1/2 bands, as shown in Fig. 1 by solid curves together
strength of Rashba spin-orbit interactié8Ol)?> which is  with the Fermi energ\Er. The spin current in this state is
strong in narrow gap semiconductor heterostructures. I&€ro, as it should be under thermal equilibrium.
InAs-based quantum wells a variation of 50% of the SOI Indeed, the spin current is defined ag(t)=1:(t)
coupling constant was observed experimentifiyConse-  —1(t), wherel(t) [or I (t)] is the partial current associ-
quently, much interest has been attracted to the realization @ted with the spin projectiors=1/2 (or s,= —1/2). Hence,
spin-polarized transistors and other devices based on using
electric ggt_e to contrpl the spin.-dependent transport. l(t)= Zh_L 2 [v:(k)—0v (KT, (1)

In addition to using a static gate to control the SOI Er

stren.gth and so control the stationary spin transport, N herelL is the length of the QWR. Taking the momentum
physical phenomena can be observed in time-dependent spipiyative of the Hamiltonian, we obtain the velocity as
transport under the influence of a fast varying gate voltage.

Along th_is line, in this artit_:le we WiII_consider a mechanism _ vy, (k) =Tik /m* = a(t)/2. 2)
of ac spin current generation using time-dependent gate. This

mechanism employs a simple fact that the time variation off he spin current is then readily obtained as

Rashba SOl creates a force which acts on opposite spin elec- .

trons in opposite directions. Inversely, when a gate is Is(t)=(An/4m™)(fk; —fik)) +ha(t)n/4, ©)
coupled to a nearby electron gas, the spin current in thig,heren is the 1D electron density, and: (or k) is the

electron gas also induces a variation of the gate voltage, a'"%&{/erage momentum in thiespin (or | -spin) band.
hence affects the electric current in the gate circuit. We will £, 4 parabolic bandk,=—m* a/2 andfik, =m* a/2.

use a simple model to clarify the principle of such a NEWAlthough#k, — 7k, gives a finite contribution tog(t) in Eq.
detection mechanism without any optical or magnetic medla(3) for t<0 wherea(t)=a, this contribution is compen-

tor. The systems to be studied will be 1D electron gas in &ateq py the contributiohan/4 due to the SOI. Hence, the
semlcqnductor quantum wifQWR) and 2D electron gas in total spin current4(t)=0 for t<0. However, when the SOI
a semiconductor quantum wefRW). is switched off att=0, «(t)=0 and so the spin current is

We consider a model in which the Rashba SOl is de’finite, because the average electron momenta retain the same
scribed by the time-dependent Hamllton|H@O(t)=haSt) as they were at<<0. As time goes on, the electron momenta

x(kxv)-s, wherek is the wave vector of an electrohsis  relax with a relaxation time r. Therefore, |(t)

the spin operator, and is the unit vector. For a QWR is = —(hanld)exp(t/7) for t>0.
perpendicular to the wire axis, and for a QW perpendicular It is instructive to make a Fourier transform bf(t) to
to the interfaces. The time dependence of the coupling pasbtain a Drude-like expression

rametera(t) is caused by a time-dependent g&f@ explain
clearly the physical mechanisms leading to the spin-current hn
generation, we will first consider the 1D electron gas in a ()= —
QWR, and assume(t) to be a constantr for t<0, and 2m*(ik7—1)

a(t)=0 fort>0. For the 1D system we choose thelirec-  Since the units of our spin current#g2, the above expres-
tion as the QWR axis any axis parallel tor, to write the  sion is a complete analogy to the electric conductivity. In-
SOl coupling in the formHg(t) =#A a(t)k,s,. Fort<O the stead of an electric driving forceE, here we have an

*

7iQa(Q)}. (4)
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When an ac bias with frequendy is applied to the front or
the back gate of a 2DE&* the Rashba coupling constant
contains two terms(t) = ag+ da(t), wherea, is constant

in time andda(t) = dae'™. We assume that the only effect
of the ac bias is to add a time-dependent component to the
SOl coupling constant, although in practice it is not simple to
avoid the bias effect on the electron denéitfhe SOI
Hamiltonian is separated correspondingly into two parts
Hso(t) =H2o+ Hio(t). The time-independent part2, does

not produce a net spin current in the thermodynamically
equilibrium state. However, as pointed out in the above

FIG. 1. The dashed curve is the electron energy band Withou(I:1 ; :
nalysis on the 1DEG system, the time-dependégd(t
SOI. The SOI splits the energy band into thepin and the| -spin can )gljive fise to a spin cu);rent P )

bands, as shown by the solid curves, with corresponding average I : .
wn ey e curves, W ponding average \we will incorporate H2, into our unperturbed Hamil-

wave vector, andk . 3 , SO - h
tonian and treaH ;4(t) within the linear response regime.

equivalent driving force */2)[da(t)/dt], the Fourier The so-generated ac spin currépf(t)) has the form
component of which isra*/2)iQa(Q). Under this driving
force we have the classic equation of motion

. i [t . .
<j}(t)>=%—f_wdt’<[H’So(t'),J;(t)D+s'lzﬁ5a(t)n/4.
at T2 dt ®) (10

In the above equation the first term can be written in the
orm 5a(t)R}(Q). For zero temperature and with>0,

éhe response functioﬁ}(Q) can be represented as the Fou-
Her transform of the correlator

current, it does not induce an electric current.

The above conclusion of spin-current generation can b
demonstrated with a rigorous linear response analysis, whic
will be performed on a 2D electron gé2DEG). The simple
Drude expressiof¥) will then appear as a general result. Let

- . h2 .
the 2DEG be in thety plane with the unit vectop along the ~ Rj()=—i— > k/s

_ | Sa’ B’
z axis, which is the spin-quantization axis. We will use the m* k'a'p’
equation of motion for the spin-density operator to general- o - -
ize the 1D expression€l), (2) for the spin current. For a XZ hi-Sep(TiCL (D Ckah)(Tick g (D) Ce 1),
homogeneous system the spin-current density operators can kap
be expressed in terms of the electron creation oper%tgr (11

and destruction operatay, ,,, wherey labels the spin pro-

jection onto thez axis. This current is then derived as where HIZZ KX In the above equation, the bar over the

product of two one-particle Green functions means an en-
semble average over impurity positions.

where the superscript=x,y,z specifies the direction of spin e will use the standard perturbation thebry calculate
polarization, and the subscriptx,y refers to the direction this ensemble average, which is valid when the elastic scat-

J=3+J; (6)

Isol’

of the spin-current flow. The partial current tering time 7 due to impurities is sufficiently long such that
Erm>7. We will assume that the electron Fermi enekyy
. 72K _ is much larger than both{) and7% aghi. To the first-order
I=>> —*Jcl SheCi g (7)  approximation, we neglect the weak localization corrections
k y& mt 7 to the correlator(11), since these corrections simply renor-
is the ordinary kinematic term and malize the spin-diffusion constahtConsequently, the con-
figuration average of the pair product of Green functions is
‘]}’S |=s”zﬁan/4 (8) gxpressed in the so-called ladder sefig¢e found that since

- hg= —h_g many of such ladder diagrams vanish after angu-
is the contribution of SOf.Heree'/? denotes the Levy-Civita lar integration in Eq(11), similar to suppression of ladders
symbol. The SOl induced current resembles the diamagneti@ the electric current driven by the vector potenfidit the
current of electrons under the action of an external electrosame time, some of nondiagonal on spin indice diagrams do

magnetic vector potential. not turn to O after the angular integration. Employing the
We note that the SOI Hamiltonian can be convenientlyanalysis of similar diagrams done in it can be shown that
written in terms of the kinematic current as they cancel each othBHence, the configuration average in
Eq. (11) decouples into a product of average Green functions
Hsd(t) =[m* a(t)/A](Iy—3%). (9 and Eq.(11) becomes

233307-2



BRIEF REPORTS PHYSICAL REVIEW B8, 233307 (2003

2 -

i -h nz -
Rj(Q)=—|FLEn g §k‘, k;kn ,‘// -— “\\

xfg—";Tr[s'G(lz,w)siG(E,erQ)], (12) /// \\\

where G(Iz,w) is the average Green’s function which con-
tains fully the effect oH2,. This function is represented by T T T
the 2X2 matrix

G(K,w)=[w—Eg/h—aphg-s+il sgriw)]™, (13 \\\

wherel’=1/27, andEj is defined with respect t&g. Sub-
stituting Eq.(13) into Eqg. (12), and then into Eq(10), we

obtain the spin current \\?\‘ — - //"

—_—. (14
Q+2i FIG. 2. Distribution of spin currents induced by a time-

It is important to point out that the spin density under thedePendent circular gate which is marked as the gray region. Under
tge gate, electrons with opposite spiis®lid arrow$ move in op-

gate area is zero. This is the reason why even in a 2DEG the ~ 2= @ = =~~~ i
D'yakonov-Perel spin relaxatidh does not appear in Eq ppsﬂe directions indicated by the dashed-llng arrows. Arrows Qut-
. . . " side the gate area show the accumulated spin polarization during a

(14) for the generated spin current, although this spin curreni . -

. . . S alf period of ac gate voltage oscillation.

is determined by the response functid®) which involves

spin degrees of freedom. Hence, in the homogeneous system , .

with zero spin density, only electron momentum relaxation=10"*cm™?, and 7=1 ps, from (14) we derive (2/#)

occurs in the process of spin-current generation by a time><(~7}(0)>210_3 Amp/cm. This ac spin current can be de-

dependent gate. tected by various methods. For example, if holes can tunnel
Unlike the spin current4) in a 1D system, in a 2DEG the into the neighborhood of the gate edge, their recombination

current given by Eq(14) has no specific direction. To clarify with spin-polarized electrons will produce the emission of

the spatial distribution of the spin flux induced by an ac gategircular-polarized light!

<\7}(Q)>=8”Z%5an

2

let us take the chiral componegt,,(t) of the spin current However, here we will discuss a method of direct electric
detection of the dc or the ac spin current. This method is
Tenid ) =[{Ty(1)) = (Tx(1))1/2. (15  based on a simple fact that the Rashba SOI couples the spin

) ) ) i o current to the gate voltage. We have shown in our above
It is easily seen that this chiral projection has the same foménalysis that due to this coupling, spin current can be in-
as the expressiod) for a 1D system, ifn represents the §ced by a time-dependent gate voltage. In this case the
electron density of the 2DEG. In Fig. 2 we illustrate thegitage variation plays the role of a source which drives
spin-current distribution for a circular gate which is markedg|ectrons out of thermodynamic equilibrium, and the spin
as the gray area. The spin polarization at any point under thg,rent is the linear response to this perturbation. The reverse
gate has two components parallel to the ZDEG- For any diprocess is to create a spin current in a 2DEG by some source,
rection specified by the unit vectdl, the two spin-polarized and so inducing a voltage shift in a nearby gate. This is also
fluxes with polarization directions parallel and antiparallel topossible to realize. We thus consider a model where the SOI
N will oscillate out of phase by the amount ef along the ~ constante(U) is a function of the gate voltage (t)=U,

direction perpendicular thi. Such out of phase oscillation is V(1) Uo is the static equilibrium value in the absence of a
schematically plotted in Fig. 2. The amplitude of the spinSPin current, whileV(t) is a dynamic variable. The mean
density flow in each of the opposite directions, as marked byalue(V) of V(t) has to be calculated as a linear response to
the dashed-line arrows, is jusky(t). In the 2DEG outside the p_ertL_eratlon assomate_d_ with the presence of _the spin-
the gate area, the spin current can be supported only by Spgplanza_tlon flow. The _epr|C|t form_ of thIS perturbation can
diffusion. Therefore the chiral ac spin polarization is accu-P€ obtained by averaging the Hamiltonian of the system over
mulated in the vicinity of the circumference of the gate, and@n €lectronic state with the given time-dependent spin cur-
from where diffuses away from the gate area. It can als¢€nt.

diffuse under the gate. For small gates such back diffusion Let(---); be such type of average. To the lowest order
can diminish the efficiency of the spin generation. On theWith respect to SOI, the coupling of the gate voltage to the
other hand, for large gates with the size larger than the spirSPin current is thus determined by the average of the Rashba

diffusion length the diffusion counterflow does not reduceinteraction in Eq(9) with o= a(U). The coupling between

much the total spin current. the gate voltageJ(t) and the spin currenﬂ} is via the
The so-generated current amplitude can be easily estkinetic currentd; . To derive the coupling HamiltoniaH

mated. With Sa=3x10° cm/s? for Q=27x10° s, n  we use Eq.6) to expressJ} in terms ofj}, and expand
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. iaczQ)
{ >_gl+iQCZ(Q)'

z
M" When the spin-current frequency is in resonance with the
circuit eigenmode, the gate voltage becomes very large. In
/'/ /"/' e the limit of high impedancdopen circuil, (V)=E&. Using
the spin current (é/ﬁ)(J_}(Q))zl_O‘3 Amp/cm derived
above, and the fact thdt7;);=A(7;(Q2)), whereA is the
2DEG area under the gate, let us estimate the electromotive force
induced in a probe gate by this spin current generated by a
. _ _ ) _nearby source gate. For the reasonable parameter values
FIG. 3. Schematic illustration of spin current detection. ac SPIN_ 35107 cm/Vs,4 m* =0.03m,, and C=ke,A/l with «

current flows from the right to the left under the gate with spin _ —10-5 :
polarized as shown by arrows.denotes the voltmeter antlis the 18%”3' 107 cm, from Eqs.(14) and(18) we obtaing
outer circuit impedance. The generated ac spin current can be rectified with vari-
U)=a(Ud+a’V(t) for small V(t). The couplin ous methods. F_or exar_nple, one can use ashut_ter gate which
a(U)=a(Ug) +a'V(1) (0 ping is 7r/2 phase shifted with respect to the generation gate. The
shutter gate can be placed in the neighborhood of the gen-
m*a’ § eration gate or between two such gates. The evaluation of the
Hin=——7—VI(T})s= (Tl (16)  rectifying efficiency of such a setup requires a thorough
analysis of spin relaxation and diffusion processes caused by
The charging of the gat®=CV is related to the gate ca- the spin accumulation during the shutter cycle.
pacitance. Hence, Eq16) can be expressed in the conve- We would like to add one relevant piece of information

(18

e N

Hamiltonian is then derived from E@9) as

nient formH;,= Q¢&, where which we became aware of after we completed this paper.
. The preprint of Governalet al. on the quantum-spin pump-

= m”a (T 5= (T3] 17) ing in a 1D wire is also based on the idea of creating spin
hC yi3 Az current via a time-dependent gafeHowever, our results

involving dissipative transport in 2DEG and 1DEG cannot

is the effective electromotive force. be compared directlv to those in Ref. 12
To illustrate our proposed method of direct electric detec- P y T

tion, let us consider a circuit connected to the gate. The prin- This work was supported by the National Science Council
cipal scheme of the spin current detection is shown in Fig. 3of Taiwan under Grant Nos. 91-2119-M-007-004CTS),

In it, an additional back gate can be utilized to tune the91-2112-M-009-044(CSQ, the Swedish Royal Academy
electron densitynot shown. The circuit is characterized by of Science, and the Russian Academy of Sciences and
a frequency-dependent impedanzé(}). The voltage in- the RFBR Grant No. 03-02-17452. A.G.M. acknowledges
duced on the gate by the electromotive fod&) is then the hospitality of NCTS in Hsinchu where this work was

easily obtained as initiated.
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