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Resonant inversion of the circular photogalvanic effect inn-doped quantum wells
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We show that the sign of the circular photogalvanic effect can be changed by tuning the radiation frequency
of circularly polarized light. Here resonant inversion of the photogalvanic effect has been observed for direct
intersubband transition in-type GaAs quantum well structures. This inversion of the photon helicity driven
current is a direct consequence of the lifting of the spin degeneracy dalniear terms in the Hamiltonian in
combination with energy and momentum conservation and optical selection rules.
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[. INTRODUCTION The laser yields strong linearly polarized emission at wave-
lengths\ between 9.2 and 10.8m corresponding to photon
Effects caused by spin-orbit interaction in compoundenergiesiw ranging from 135 to 114 meV. The quantum
semiconductor heterojunctions have been the subject of @ell widths were chosen to be 8 nm, so that the separation
growing number of investigations recent§. In two-  of the subbandsl ande2 matches the photon energy range
dimensional systems based on quantum wel$V's) the  of the lasef'% Molecular-beam-epitaxy grow001)- and
electron spin couples to the electron motion and results, un113.-orientedn-type GaAs/AlGaAs QW samples of 8.8, 8.2,
der optical orientation with circularly polarized light, in spin 5147 6 nm width with free-carrier densities ranging between
photocurrents. The direction and magnitude of this spin X 10 cm~2 and 1x 1012 cm2 were investigated at room
photocurrent depend on the degree of circular polarization Ofemperature. Thé113-oriented samples have been grown
the incident light This phenomenon belongs to the class ofOn GaAs(113A substrates employing growth conditions un-
photog_alvanic effectsand represents here a circular photo-der which Si dopants are predominantly incorporated as
galvanic effect CPGB. donorg! as confirmed by Hall measurements.

It was shown in Ref. 3 that the CPGE in zinc-blende . .
structure based QW's is caused by spin orientation of carriersgeoxn ;?g&iiﬁnﬁz: ?)5:‘: gztggﬁgidc;: ?:Ii(;ng l;]"nsvgalzzgel to

in systems where the spin degeneracy of the band structure T
lifted by k-linear terms in the Hamiltonia®’ In this case Cartesian coordinates faf01)-oriented samples([[110],
homogeneous irradiation of QW’s with circularly polarized Y[[110], z[[001] and for (113-oriented samplesx’
light results in an asymmetric distribution of photoexcited =x||[110], y’[[332], z'|[[113]. Right handed ¢.) and
carriers ink space which leads to the current. So far thisleft handed ¢ _) circularly polarized radiation was achieved
effect has been observed only for indirect intrasubband trarby using a Fresnel rhomb. In order to correlate the spectral
sitions in n- and p-type QW's (Drude absorptionand for  dependence of the CPGE current to the absorption of the
direct inter-subband heavy-hole—light-hole transitions inQW's, optical transmission measurements were carried out
p-type QW's38 using a Fourier transform infrared spectrometer. The current
Here we report on an observation of a resonant inversiofi generated by circularly polarized light in the unbiased de-
of the CPGE at direct transitions between size quantized sulvices was measured via the voltage drop across & %6ad
bands inn-type QWs. This effect demonstrates in a veryresistor in a closed circuit configuratipsee Fig. 1c)]. The
direct way the spin splitting of subbands knspace in zero voltage in response to a laser pulse was recorded with a
electric and magnetic field due to spin-orbit interaction. Westorage oscilloscope.
show that the sign of the spin driven circular photogalvanic Illuminating the unbiased QW structures with circularly
current can be reversed by tuning the radiation frequencypolarized radiation results in a current signal due to CPGE
This inversion of the photon helicity driven current is a di- which is proportional to the helicity? . of the radiation.
rect consequence ¢flinear terms in the subband structure The signal follows the temporal structure of the laser pulse
in combination with conservation laws and optical selectionand changes sign if the circular polarization is switched from
rules. o, to o_. Typical signal traces are shown in Fig. 1 com-
pared to records of a linear photon drag detetidm. (001)-
Il EXPERIMENTAL RESULTS oriented samplgs, belonging to the point. groﬁ_@v , the
CPGE current is only observed under oblique incidence of
Direct intersubband transitions between the lowest)( radiation, as expected from symmetrfor illumination
and the seconde@) conduction subband in-type GaAs along they direction the helicity dependent photocurrent
QW'’s have been obtained by applying a line tunable pulsedlows in thex direction perpendicular to the wave vector of
transversely excited atmospheric pressure (TEA)-GRer.  the incident light. This is observed in experiment. In Fig. 2
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FIG. 1. Oscillographic traces obtained through excitation with =~ 1/2 t0 €2 subband witis=+1/2. As a result an unbalanced
A=10.6 um radiation of(113-grown n-GaAs QW’s.(a) and (b) occupation of thek, s_tfites occurs yielding a spin polarized photo-
show CPGE signals obtained for, ando_-circular polarization, ~ CUrrent.(@ For transitions withk, left to the minimum ofel (s
respectively. For comparison i) a signal pulse of a fast photon = —1/2) subband the current |nd|(iated by is negative.(b) At
drag detector is plotted. Iic) the measurement arrangement is SMallerfie the transition occurs &, , now right to the subband
sketched. Fof113-grown samples being &, symmetry radiation ~ Minimum, and the current reverses its sign.
was applied at normal incidence and the current was detected in the
directionx|| [110]. For (001)-grown QW'’s oblique incidence with changes sign at a frequeney= w;,,. This inversion fre-
light propagating along110] direction was used and the current quencyw;,, coincides with the frequency of the absorption
was detected ix|| [110] direction. peak (see Fig. 2 The absorption peak frequency ang,

depend on the sample width according to the variation of the

the photocurrent as a function of photon energy is plotted foPUPband energy separation. This has been verified by mea-

o. ando_ polarized radiation together with the absorption SUring QW's of different widths. Spin orientation induced
spectrum. The data are presented fd0@1)-grown n-GaAs CPGE and its spectral sign inversion have also been detected

QW of 8.2 nm width measured at room temperature. The" @ (113-orientedn-GaAs QW which belongs to the point

current for both, left and right handed circular polarizations,9"0UP Cs- In this case the helicity dependent signal is ob-
served in thex direction at normal incidence of radiation

Time (10°7s)

alongz'.
5 g
n-GaAs QWs >
D.ER A 0.8 o
EFJF N T 8 1. MICROSCOPIC MODEL
- N\ . —
= s 8 1.2 The physical origin of the effect is sketched in Fig. 3 for
Z 0\ {04 35 'gin
< K \ 3 Cs symmetry and in Fig. 4 fo€,, symmetry. For both sym-
o ’ \1 » metries the degeneracy knspace is lifted. First we consider
o 0 ~\ 00 o the simplest case &, symmetry relevant fof113-oriented
- L~ S samples. Ther, k, contribution to the Hamiltonian, respon-
& o\.G— 7 sible for the effect under normal incidence, splits the electron
—x 1P % J spectrum into spin sublevels with the spin componests
’ +1/2 along the growth directiom’. As a result of optical
/ selection rules right-handed circular polarization under nor-
. L mal incidence induces direct optical transitions between the

ol \ .
115 125 135 subbandel with spins=—1/2 ande2 with spins= +1/2.

1o (meV) For monochromatic radiation optical transitions occur only at

a fixedk, where the energy of the incident light matches the

FIG. 2. Photocurrent in QW's normalized by the light povirer . .20 . .
Q y gnt p transition energy as is indicated by the arrow in Fi¢g)3

as a function of the photon energyw. Measurements are presented heref cal L . . | f
for n-type (001-grown GaAs/AIGaAs QW's of 8.2 nm widttsym- Therefore optical transitions induce an imbalance of momen-

metry classC,,) at T=293 K. Oblique incidence of, (squares tum distribution in both subbands yielding an electric cur-
ando_ (circles circular polarized radiation with an angle of inci- e€nt. However, a nonequmbrlum distribution of carriers In
dence®,=20° was used. The currejt was measured perpendicu- the upper subband rapidly relaxes due to the very effective
lar to the direction of light propagation The dotted line shows the relaxation channel of LO-phonon emission, because the en-

absorption measurement using a Fourier transform infrared spe®rgy separatiore,; betweenel ande2 at k,=0 is well
trometer. above the energy of LO phonons mGaAs QW’s .o
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€ 3 which in the relaxation time approximation are given by
2 \ o) (_ffz)\\/‘\é ) standard expressions
N/ F
iM=e2 7T (kpM (K], )
a,, hoy hoy < hop o, hwp €5
Heree is the electron charge,= 1,2 labels the subbareb,
(.?/12)' i ) s _TE)V) is the momentum relaxation time in the subbazw
Ix A | pM(K) is the generation of the density matrix, and is the
1 T T T T velocity operator in the subband given by
ke O K{ Ky ke O kg Ky

v =%V AW, 3
FIG. 4. Microscopic picture describing the origin of the inver- . . . )

sion of the photocurrent i, point group sampleda) Excitation ~ FOr the sake of simplicity we will consider a Par_abo!lc elec-
at oblique incidence withr, radiation of#w less than the energy tron spectrum for the subbands and take a Hamiltonian of the
subband separatios,; induces direct spin-conserving transitions form
(vertical arrows at k, andk; . The rates of these transitions are
different as illustrated by different thickness of the arrows. This N () ()
leads to a photocurrent due to an asymmetrical distribution of car- R =g +E+Hlk ) 4
riers in k space if the splittings of thel ande2 subbands are
nonequal.(b) Increase of the photon energy shifts more inte”Sivewheres
transitions to the right and less intensive to the left resulting in
current sign change.

212

() is the energy of size quantizatiof{?) is the
&pin-dependerit-linear contribution, andn* is the effective
mass equal for both subbands.

It is convenient to write the generation matrices in the
basis of spin eigenstates, of the Hamiltoniansi (. For
the case of intersubband transiticels—e2 the correspond-
ing equations have the forisee Ref. 1%

=35.4 meV). Therefore the contribution of tk@ subband
to the electric current vanishes and the magnitude and dire
tion of electron flow is determined by the momentum distri-
bution of carriers in the lowest subband.

Figures 3a) and 3b) show what happens when, as in our o
exper!ment, the energy of the incident light is varled from p(slsQ(k): -z E MS,,'S,(k)M:,,’S(k)[fksg(gzks,,_glks
energies above,; to values belowe,;. Here g, is the s
subbands’ energy separatiorkat 0. At large photon energy,
hw>g,q, excitation occurs at negatikg resulting in a cur-
rent j, shown by arrow in Fig. &). A reduced photon fre- -
quency shifts the transition towards positikgand reverses pg?(k)= - > feMs o (KM (K[ (&6~ &1
the direction of the currertFig. 3(b)]. The inversion of the s ’
current’s sign occurs at a photon frequengy, correspond-
ing to the transition at the minimum @&l (s=—1/2). The
model suggests that the magnitude of the spin splitting deHeres, s’ ands” are the spin indiced, is the equilibrium
scribed by the Rashba and Dresselhaus t&frosuld easily  distribution function in the subbanel (the subbance?2 is
be derived from the energy shiftw;,,—&,;. However, our empty in equilibrium, &, is the electron energy, and
measurements show, that the broadening of the optical tranv1 o ¢, (k) is the matrix element of intersubband optical tran-
sition in real QW's is too large to obtain this energy shift. Onsitions 1k,s’)—(e2k,s”). The latter is given by
the other hand the model clearly shows that witholinear (k) :XZKS"MXHS, . whereM is a 2x2 matrix de-
terms in the band structure neither an inversion nor a current . ip
would exist. Similar arguments hold f&@,, symmetry[rel-
evant for (001)-oriented samplgsunder oblique incidence

_ﬁw)+fksré(&‘zksn_é‘lksr_ﬁw)], (5)

—hw)-i— 5(82k31_81ksn_ha))],

bing the intersubband transitions in the basis of fixed spin
statess,= +1/2,

(se_e 1Faig' Z}fal_though the sim_ple selection_rules are no longer A eA e, Ale,—iey)
valid.™ This is pointed out in more detail at the end of the M=——py ) . (6)
next section. cm* —A(ectiey) €,

A is the amplitude of the electro-magnetic wave related to

light intensity byl =A2w?n,/(2c), eis the unit vector of
The theory of the circular photogalvanic effect is devel-the light polarizationn,, is the refraction index of the media,

oped by using the spin density matrix techni§u@enerally € is the light velocity, andp,, is the momentum matrix ele-

the total electric current that appears in a structure undefent between the envelope functions of size quantization

intersubband excitation consists of the contributions from the?1(2) and ¢,(2) in the subbandsel ande2,

el ande2 subbands

IV. MICROSCOPIC THEORY

. d
j=i0+j®), (1) P21= —lﬁf ¢2(2)- pa(2)dz. (7)
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The parameteA originates fromk- p admixture of valence
band states to the electron wave function and is given by

B £21A(2e4+A)
 2e4(egtA)(3e4+2A)’

8

wheree is the energy of the band gap, aidis the energy

of spin-orbit splitting of the valence band. As one can se
from Eq.(6), the parametel\ determines the absorbance for

the light polarized in the interface plane.
In ideal QW's the circular photocurrepmay be obtained

from Egs.(1)—(5). However, in real structures the spectral

width of the intersubband resonance is broadened due

fluctuation of the QW width and hence exceeds the spectr
width of the absorption spectrum of an ideal structure. The
broadening can be taken into account assuming that the en-

ergy separation between subbandg varies in the QW
plane. Then by convolution of the photocurrgf,;) with
the distribution functior~(e,1) we obtain

7= [ ieanF(ezpdes. ©

The functionF(e,1) for broadening may be expanded in
powers ofe,;—hw and by considering only the first two
terms we obtain

F(ex)~F(hw)+F' (how)(ey—fo). (10

Taking into account the Hamiltoniaf{}) to be linear ink,
the averaged current is finally given by

- m ' —
j=eneﬁ[ré2)F(hw)+(TE)l)—Téz))F (hw)e]

XTIM (WA - M(VAGMT, (12)
wheren, is the 2D carrier density, andis the mean value of
the electron energy. For a degenerate 2D electron sgas

=¢gg/2 and for a non-degenerate ggg kgT, whereeg is
the Fermi energykg is the Boltzmann constant, afddis the
temperature. We note, that the distribution functiff )
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may lead to an asymmetry of the absorption peak and a small
redshift of the photocurrent inversion point.

A. Cs-symmetry and normal incidence

In (113-grown QW structures ofs symmetry the CPGE
occurs under normal incidence of the radiation. In this case
the k-linear contribution to the Hamiltonian responsible for

Ghe effect is given byﬁi,”z(az,kx. Here Bg,”)x are the coeffi-

cients being different for theel and e2 subbands. The
k-linear term splits the electron spectrum into spin sublevels
with the spin components= = 1/2 along the growth direc-

;'Ejﬁon z' (see Fig. 3 Thus the electron parabolic dispersion in

e subbandsl ande2 has the form
2/1,2 2
h (kx+ky,) .

(v)
2m* =Bk

e,k 1=+ (12

For direct intersubband transitions under normal incidence
selection rules allow only the spin-flip transitiongl(
—1/2)—(e2,1/2) for o, photons and €1,1/2)—(e2,
—1/2) for o_ photonst® Due to these selection rules to-
gether with energy and momentum conservation laws the
optical intersubband transition under, for examjpte, pho-
toexcitation is only allowed for the fixed wave vectky
given by

k _ ﬁw—sgl
@ g

z'X z'x

(13

Velocities of electrons in the2 subband and of “holes” in
the el subband generated by this transition are given by
v M=tk m* = BSNA,  vP=

X

fiky /m* + B2 7.
(14

This unbalanced distribution of carrierskrspace induces an
electric current

L . 7
IO+ P el (oD PP, (19

wherel is the light intensity andy is the absorbance or the
fraction of the energy flux absorbed in the QW due to the

describes the spectral behavior of the absorbance taking infgtérsubband transitions under po)rmal incidence. Note that
account both inhomogeneous and homogeneous broadenir{g® Magnitude of the photocurrefif’, corresponding to the
For the absorption spectrum in Fig. 2, the full width at half Sécond term in the bracket of EELS) and stemming from
maximum (FWHM) is about 15 meV which corresponds to Photoelectrons in the2 subband is smaller thap(| be-
1-2 monolayer fluctuations of the QW thickness. The homocauserf)< TE,l) as described above. The resonant inversion
geneous broadening at room temperature can be estimated@fsthe circular photocurrent is clearly seen from E(s3)—
1\W,, whereWy, is the rate of optical phonon induced tran- (15) becausey, is positive andv{” changes its sign at a
sitionse2—el. By using the available estimations ¥f;,  particular frequency.

(Ref. 15 we can conclude that the homogeneous broadening For a degenerate 2D electron gas at low temperature we
is almost by an order of magnitude smaller than the observetfind that the dependence of the absorbamgeon 7w and
FWHM. We also note that, due to the nonparabolicity of theg!* is given by

3D electron spectrum and the difference of effective masses |

in the well and barrier materials, the electron in-plane effec- | 1 82 he—ey \ ]
tive masses in thel ande2 subbands differ which leads to 70 A L AD | EF o | 2D A , (16)
an additional broadening of the absorption spectrum. This @ Byt Byl 2m*\ Bt By
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wheresg=e-—m*[ 1) (V2h)12. oblique excitation by circularly polarized light the rates of
Taking into accourz1txthe broadening we finally obtain forintersubband transitions are different for electrons with the
the averaged circular photocurrent spin oriented coparallel and antiparallel to the in-plane direc-

tion of light propagatiort! The difference is proportional to
the productM M, |, whereM| andM, are the absorption

e _
jx=%(ﬂfi+ B &y (ho) matrix elements for in-plane and normal light polarization.
This is depicted in Fig. 4 by vertical arrows of different

(D —dp(ho)|IPge thlcknesls. :jntsystems W|th-|t|r)ea|r;pinbsrz.llttlngf such péo.-

T~ Tp )s—dﬁw Pt (17) cesses lead to an asymmetrical distribution of carrierk in

space, i.e., to an electrical current. SimilarGg symmetry

Where;HocF(ﬁw) is the calculated absorbance neglectingthe variation of the photon energy leads to the inversion of

k-linear terms but taking into account the broadening. the current directionisee Figs. ¢ and 4b)]. Since the cir-
cular photogalvanic effect in QW structures ©, symme-

try is caused by spin-dependesgtin-conservingptical tran-
sitions, the photocurrent described by E20) in contrast to

In the case ofC,, point symmetry which is relevant for Eq. (17) is proportional to the difference of subband spin
(00D-oriented QW's the current flows only at oblique inci- splittings.

dence and is caused lylinear contributions to the electron
effective Hamiltonian given by

B. C,, symmetry and oblique incidence

V. CONCLUSIONS

(v)— p(v) (v)
HIC= By oxky T Byx oy (18 Our experiments show that direct inter-subband transi-
The coefficientsﬁf(';,) and ﬁ§§2 are related to the bulk- tions inn-type GaAs QW'’s result in a spin orientation in-
inversion asymmetry(BIA) or Dresselhaus terif® and duced CPGE. The central observation is a change of the sign

structure-inversion asymmetf$lA) or Rashba terfhby of the CPGE current close to resonance of intersubband tran-
sitions. The theoretical results give a detailed description of
B =BEA+BGh,  BY=BEA—BYA- (190 all features observed in experiment. The sign inversion fol-

) . . lows for Cg symmetry from Eq(17) and forC,, symmetry
The circular photocurrent due to intersubband transitiony;om, Eq. (20). If 7@ <7D the first term on the right hand
. . b

in (001)-grown QW's in the presence of broadening can begjqe i square brackets of both equations is vanishingly small
calculated following Eq(11) yielding compared to the second one. Therefore the photocurrent is

e proportional to the derivative of the absorbance and is zero at
= _A_([gfx)_/gw ng)m(ﬁw) the frequency of the absorption peak as observed in experi-
h ment. Thus the assumption that the momentum relaxation in
_dp, (ho)|IPger the upper subband is much faster than in the lower subband
+ (- Tg))sdh—w hj)“ey, (20) s satisfied.

Comparing theory with experiment we also note that for

whereé is the unit vector directed along the light propaga- C2» Symmetry the spin splitting ik space is different for the

tion and 7, is the absorbance for the polarization perpen-€1 ande2 subbands. Equatia20) shows that for equal spin

dicular to the QW plane. The current in thelirection can be  SPlitting B{%= (), the current vanishes. F@, symmetry

obtained by interchanging the indicesandy in Eq. (20). in contrast, the spin-orientation induced CPGE current is
The origin of the spin orientation induced CPGE causedroportional to the sum of the subband spin splittings and

by direct intersubband transitions @y,-symmetry systems therefore exist fop{?)= (). The observation of the CPGE

is illustrated in Fig. 4 foro. radiation. InC,, symmetry the for direct intersubband transitions allows one to extend the

ok, contribution to the Hamiltonian splits the subbands inmethod of spin-sensitive bleaching, previously demonstrated

ky direction in two spin branches wits=+1/2 oriented for p-type QW's;” and therefore to investigate electron spin

alongy (see Fig. 4 Due to selection rules the absorption of relaxation times inn-type QW' for monopolar spin

circularly polarized radiation, which yields an in-plane spin orientation:®*

polarization, is spin conservirgThe asymmetric distribu-

tion of photqexcited elgctrons regulting in a current is caused ACKNOWLEDGMENTS

by these spin-conserving but spin-dependent transifises
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