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Under oblique incidence of circularly polarized infrared radiation the spin-galvanic é8&f) has been
unambiguously observed {®01)-grown n-type GaAs quantum well structures in the absence of any external
magnetic field. Resonant intersubband transitions have been obtained making use of the tunability of the
free-electron laser FELIX. A microscopic theory of the SGE for intersubband transitions has been developed,
which is in good agreement with experimental findings.
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The spin of electrons and holes in solid-state systems is awere chosen to be 3 ps long, separated by 40 ns, in a(tain
intensively studied quantum-mechanical property showing d&macropulse”) of duration 5us. The macropulses had a
large variety of interesting physical phenomena. Lately thergepetition rate of 5 Hz.
is much interest in the use of the spin of carriers in semicon- On illumination of the QW structures by circularly polar-
ductor heterostructures together with their charge for novelzed radiation at oblique incidence in thezj or (yz) plane
applications such as spintronit&he necessary conditions & current signal perpendicular to the plane of incidence was
to realize spintronic devices are high spin polarizations inmeasured, e.g., in thg direction for the configuration de-
quantum wel(QW) structures and large spinsplitting of sub- Picted in Fig. 1. Left-handed«(-) and right-handedd.)
bands ink space. The latter is important for the ability to Circularly polarized radiation was achieved making use of a
control spins with an external electric field by the Rashba '€Sn€l rhomb. The photocurrent signals generated in the
effect? Significant progress has been achieved recently ir'rmb'ased devices were measured via an amplifier with a re-

generating large spin polarizations, in demonstrating thePonse time of the order of s, i.e., averaged over the

Rashba splitting, and also in using the splitting for manipu_macropulse.

lating the sping. At the same time, as these conditions are The observed current is proportional to the h'el|j' Ofre
) . . AT of the radiation. The current was measured for incidence in
fulfilled, it has been shown that the spin polarization itself

. ; . . . two different planes with the in-plane component of propa-
drives a current if the spins are oriented in the plane of th%ation along thex andy directions. In Fig. 2 the observed
3 . . . . . .

QW." This spin-galvanic effectSGE was previously dem- ¢, rent for both directions is plotted as a function of photon
onstrated with optical excitation and the assistance of an ©%nergyfw for o polarized radiation together with the ab-
ternal magnetic field to achieve an in-plane polarization. As Zorption spectrum. It can be seen that for current abotig
step towards the long-term aim of showing its existence wit 110] the shape is similar to the derivative of the absorption

only electric injection we report here the demonstration Ospectrum, and in particular there is a change of sign which

the optically induced $GE in zero mag”etic field. We alsooccurs at the line center of the absorption. When the sample
present the microscopic theory of this effect.

. ) was rotated by 90° abowt, so that light propagates now
The spin-galvanic effect has been observed at room te y 2, ght propag

Mlongx and the current flows alo 110], the sign rever-
perature by studying transitions between size quantized sub- g ngl (110, g

bandsel ande2 in n-type GaAs QW’s. Samples, grown

alongz | [001] by mulecular beam epitaxy, consisting of 30 %
QW'’s with a well width of 7.6 nm, 8.2 nm, and 8.8 nm, and e
free-carrier density in a single welh, of about 2
X102 cm™? were investigated at room temperature.
Samples were quadratic in shape, with edges oriented along

thex | [110] andy | [110] crystallographic directions. Two :
pairs of ohmic contacts were attached in the center of oppo- jy I[110]
site sample edgesee Fig. L In order to excite resonantly

and to obtain a measurable photocurrent it was necessary to FIG. 1. Geometry of the experiment. At oblique incidence of
have a tunable high-power radiation source for which weradiation we obtained projections on ther y directions of the unit
used the free-electron laser “FELIX” at FOM-Rijnhuizen in vectore and the averaged sp® The curreni is recorded perpen-
The Netherland$.The output pulses of light from FELIX dicular to the direction of light propagation.

X 1[110]
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7o (meV) subband excitation in £ symmetry QW's. In(a) the CPGE current

i« is caused by the imbalance of optical transition probabilities at
FIG. 2. Photocurrent in GaAs QW's of 8.2 nm width normalized K« @ndk;" decaying with the momentum-relaxation timg. In (b)
by the light powerP as a function of the photon energy. Circles: the SGE current occurs after spin-nonspecific thermalizaticelin

current in[110] direction in response to irradiation paral[dJTO]. which res_ults _|n t_he Spin c_)rlentatlon. This (?urrent 'S. caused _by
e . . asymmetric spin-flip scattering and decays with the spin-relaxation
Squares: current ih110] direction in response to irradiation par- time 7, (Ref. 3
S . 3.

allel [110]. The dotted line shows the absorption measured using a

Fourier-transform spectrometer. negativek, and reverses the current. In fact it has been
sal in the current disappears and its shape follows mor r:/(\)/\,/;ni;hatr;hgrgoi(;Etgt tw;eggr?\?;}t::/i a(zs?rzgtlzg-stgfii on
closely the absorption spectrum. prop P

It has been shown in Refs. 3,5 that in QW's belonging tospectrurr16. This behavior is observed for the current in the

one of the gyrotropic crystal classes a nonequilibrium spirl [110] direction. In particular, the position of the sign in-
polarization of electrons uniformly distributed in space Version of the current coincides with the maximum of the
causes a directed motion of electrons in the plane of the QuPsorption spectrum which shows that the spin-galvanic ef-
On a microscopic level spin photocurrents are the result ofect for this direction is vanishingly small and the current is
spin orientation in systems witttlinear terms in the electron caused by the CPGE. . . .
effective Hamiltonian. In general, two mechanisms contrib- [N contrast to the CPGE the sign of the spin-galvanic cur-
ute to spin photocurrents: photoexcitation and scattering ofent is independent of the wavelendtfThis can be seen
photoexcited carriers. The first effect is the circular photogalffom Fig. 3b) that illustrates the origin of the spin-galvanic
vanic effectCPGB which is caused by an asymmetry of the effect. All that is reqU|red.|s a spin orientation of the Ipwer
momentum distribution of carriers excited in optical subbangd, and asymmetrical spin relaxation then drives a
transitions>® The second effect is the spin-galvanic effect Urrent. In our case the spin orientation is generated by reso-
which in general does not need optical excitation but is d'@nt spin-selective optical excitation followed by spin-
result of an asymmetric spin relaxatidithe current due to _non_specmc thermalization. The magnitude of the spin po_lgr-
CPGE decays with the momentum-relaxation tirgef pho- ization .and hence the current depends on thg initial
toexcited free carriers whereas the SGE induced current d@Psorption strength but not on the momentkiof transition.
cays with the spin-relaxation time,. Both effects are illus- Therefore there is no sign change and the shape of the spec-
trated in Fig. 3. trum follows the absorp-tloﬁ.The Iack. of a sign change for
The change of sign of the photocurrent with photon en-current alongy || [110] in the experiment shows that the
ergy is characteristic for CPGE at resonant transitions irsPin-galvanic effect dominates for this orientation.
n-type QW’s and has been described previofshs illus- _In or_der to unders_tand the difference betwe_en the_z two
trated in Fig. 8a) for o, radiation and at a small photon orientations we now introduce a.phenomenologlcal |<_)|cture
energy less than the energy separation betvedeande? at for the C,, symmet'ry representing samples mvgsngated
k,=0, excitations occur preferentially at positikg. We  here. Phenomenologically the SGE and the CPGEandy
note that forC,, symmetry the optical transitions are spin diréctions are given by
conserving but spin dependénThis causes a stronger re- ) )
duction in the electron population at positikgin the lower JseEx=QxySy Jseey=QyxS @
| —1/2),-subband and therefore a spin-polarized current in . A
the positivex direction. We note that there is a corresponding  jcpgex= yxyeyESPcirC ,  Jcpeey= yyXeXESPci,C .
increase of the electron population in the2 2
|—1/2>y—subband, also asymmetrical, but in our case this o )
randomizes quickly via optical-phonon scattering and thereWherej is the photocurrent densit@ and y are second rank
fore does not contribute significantly to the currBhicrease ~ PSeudotensorsis the average spin of electrons in QW
of the photon energy shifts the dominating transition towardsande are the amplitude of the electromagnetic wave and the
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ky litt10] Iy= Acper (BSA+ B — (B@A+ BEW TP ircy
+Asce BSia+ BEWSK, 4

whereAcpge and Agge are factors related tgy and Q, re-
spectively. The magnitude of the CPGE is determined by the
value ofk in the initial and final states, and hence on the spin
splitting (Bg;a and Bg;a) of both el ande2 subbands. In
contrast, the spin-galvanic effect is due to relaxation between
the spin states of the lowest subbasid and hence only on
FIG. 4. Schematic two dimension&2D) band structure with BSi, and S, Equations(3) and(4) show that in directions
k-linear terms forC,, symmetry and the distribution of spin orien- X andy the spin-galvanic effect and the CPGE are propor-
tations at the 2D Fermi energy. Arrows indicate the orientation oftional to terms containing the difference and the sum, respec-
spins. tively, of BIA and SIA terms. When they addee Eq(4)] it
appears in our samples that the spin-galvanic effect domi-
nates over the CPGE, which is proved by the lack of sign
change for currents along the direction in Fig. 2. Con-
versely when BIA and SIA terms subtrdatee Eq.(3)] the
spin-galvanic effect is suppressed and the CPGE dominates.

1)'| Because Oft _tegsordeguiv_alerllcel of ?n(.j ydtlhehfplin' We would like to emphasize at this point that at the fre-
galvanic current induced by circuiarly po'arized g a\N‘"‘ysquency where CPGE is equal to zero for both directions, the

occurs simultaneously with the CPGE. If the in-plane COM-_ i rrent obtained in they direction is caused by the spin-

ponent ofe is oriented along110] or[110], i.e.,x ory, then galvanic effect only.
both currents flow normal to the light propagation direction.”™ e gccurrence of a spin-galvanic current is due to the

The strength of the current is different for the .rad|at|onspin dependence of the electron-scattering matrix elements
propagating along or y. This is due to the nonequivalence o~ . .
My k. The 2<2 matrixM ., can be written as a linear com-

of the crystallographic axgsl 10] and[110] because of the . <%’ ) A . .
twofold rotation axis inC,, symmetry. bination of the unit matri¥ and Pauli matrices as follows:

Both currents are caused by spin splitting of subbands in
the k space*® This splitting is due tok-linear terms in the
Hamiltonian of the fornﬂ’=2|mﬂ,ma|km, where g, is a
second-rank pseudotensor andare the Pauli matrices. The
tensorsy and Q determining the current are related to the
transposed pseudotensBr They are subjected to the same

symmetry restrictions so that their irreducible component K . .
differ only by scalar factors. Foi001)-grown QW's ofC,, symmetry under time inversion. The spin-dependent part of

symmetry there are two nonzero tensor elemeys Byy the scattgring amplitude H001)-grown QW structures is
which may also be different foel ande2 subbands. It is 9ven b

reasonable to introduce symmetric and antisymmetric tensor
components B, = (Y +By)/2  and  BY=(BL)

— BV))/2, wherev=1,2 indicates thel ande2 subbands,
respectively. Hergg$), and B}, result from bulk inversion

asymmetry(BIA) also called the Dresselhaus tértinclud-  whereu (k-k’) is a function defined in Ref. 10. We note that
ing a possible interface inversion asymmétrand from  Eq (6) determines the spin-relaxation tim¢ due to the

structural inversion asymmetrySIA) usually called the  Ejjiot-Yafet mechanism. Then, for instance, for the spin com-
Rashba term,respectively. In order to illustrate band struc- ponent S, assuming a Boltzmann distribution, the spin-

tures with ak-linear term, in Fig. 4 we plotted the energy  gajvanic current in the direction has the form
as a function ok, andk,. The nonequivalence of andy
directions is clearly seen from Fig(l).
As discussed above and sketched in Fig. 3 both CPGE Amre o o
and SGE currents, say in thedirection, are caused by the jSGEy:_*SxZ (ky—ky) (kg + k2o (k— k’—2k0)|27-p
band splitting in thek, direction and therefore are propor- m kk'
tional to By (for current in they direction one should inter-
change the indices andy). Then the currents in theandy X f
directions read

Ix=Acpcd (BEIA~ BSiN — (BEA— BSN Pcircey _ _
" @) wheree is the electron charger, is the momentum scatter-
+Asce Bain— Bsia) Sy (3 ing time,fis the distribution functiong is the delta function,

Ky I1110]

unit vector pointing in the direction of light propagation,
respectively. In the present caSes obtained by optical ori-
entation, its sign and magnitude are proportionaPtg ,

and it is oriented along the in-plane componene ¢éee Fig.

Mkrk:Akrki+0'Bkrk, (5)

whereA,, = Ay , By, =By due to Hermiticity of the in-
éeraction andA_, _=Aw, B_yx _x=—By due to the

o By=v(k=K)[ox(ky+ky) —oy(ky+kol,  (6)

)

n2k?\ [h%k? K2
5 —
2m*) (Zm* 2m*
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m* is the electron effective mask=k+k,, k'=k’—Kkp, ) Ne,Bg,X) TpTs 721l P ¢ )

andko= (m* By, /#2,0,0). By using Eq(7) we can estimate JsGEx hoog fho circé®y» Jscey

the spin-galvanic current as

1
Neﬁiy) TpTs 721l ~

A Té %Pcircgex- (9)

(i) r 7,1 is the absorbance at the transitions betwegnande2

Jscex=QxySy~e ne% —?Sy jscey=QyxS §ubbandsl is the radia;ion intenfsity. The paramet“ﬁwary-
Ts ing between 0 and 1 is the ratio of photoexcited electrons

1) relaxing to theel subband with and without spin flip. It
By ESX ) determines the degree of spin polarization in the lowest sub-
oo band[see Fig. 8)] and depends on the details of the relax-

s ation mechanism. Optical orientation requirgs-0.11-13
Equations(9) show that the SGE current is proportional to
the absorbance and is determined by the spin splitting in the

. . . .. . . H 1 1
Since scattering is the origin of the spin-galvanic effect, thefirst subbandg() or g

! y " . .
currentjsceis determined by the Elliot-Yafet spin-relaxation !N conclusion we observed the spin-galvanic effect under
process even if other spin-relaxation mechanisms dominat«ﬁ”'om'cal excitation and without applying external magnetic

) . o . elds by making use of the interplay of the Rashba and
The Elliot-Yafet spm-rel_axaﬂon time; Is proportpnal t? _the Dresselhaus splitting of the conduction band. Our results
momentum-relaxation time, . Therefore the ratia, /7 in

s ' " demonstrate the nonequivalence of fi¢0] and[110] di-
Egs.(8) does not depend on the momentum-relaxation timergctions in zinc-blende structure QW's. The results also
The in-plane average spin, e.§,, in Egs.(8) decays with  clearly show the difference between the microscopic pictures
the total spin-relaxation times. Thus the time decay of the for SGE and CPGE which have the same phenomenological
spin-galvanic current following pulsed photoexcitation is de-description.
ter_mined k.)yTS‘ This time may have contributions from any We thank L. E. Golub for many helpful discussions. Fi-
spin-relaxing process and in the present case of GaAs QWg,ncial support from the DFG, the RFBR, INTAS, the
is determined by the D’yakonov-Perel’ mechanism. EPSRC(UK) and FOM (NL) is gratefully acknowledged.
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