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Abstraet The circular photogalvanic effect {CPGE) has
been observed in (001)- and (311)A-oriented p-Gads/AlGaAs
quantum wells at normal incidence of far-infrared radiation.
[t is shown that monopolar optical spin orientation of free
carriers causes an electric current which reverses its direc
tion upon changing from left to right circularly polarized ra-
diation. As proposed. CPGE can be utilized to investigate
separately spin polarization of electrans and holes.

1 Introduction

Spin polarization and spin relaxation in semiconductors
are the subject of intensive studies of spin-polarized elec-
tron transport aimed at the development of spinotronic
devices like a spin transistor (1,2]. So far, photo-induced
spin polarization has been achieved by interband optical
absorption of circularly polarized light with the photo-
generation of spin-polarized electrons and holes [3-5].
Here we report on the first observation of the circular
photogalvanic effect (CPGE) at intersubband transitions
in quantum-well (QW) structures. Phenomenclogically,
the effect is a transfer of angular momenta of circularly
polarized photons to the directed movement of free car-
riers, electrons or holes, and therefore depends on the
symmetry of the medium. Microscopically, it arises due
to optical spin orientation of holes in QWs and asym-
Metric spin-dependent scattering of spin-polarized car-
tiers followed by an appearance of an electric current.
The two states of light circular polarization o+ result
in different spin orientations and, thus, in electric pho-
tocurrents of opposite directions. In contrast to the case
of interband optical excitation, under intersubband tran-

~ Sttions only one kind of carriers is involved leading to a

Monopolar spin orientation. The observed effect can be
utilized to Investigate spin polarization of free carriers.

2 Experimental set up and samples

The eXperiments have been carried out on (001)-MOCVD
8rown p-Gads/AlGaA's multi QW structures with 400
Undoped wells of 90 nm width separated by 10 nm wide
doped barriers and on a p-GaAs/AlGaAs (311)A-MBE

8 30V single QW of 15 nm width. Samples of 5x5 mm?

:’;l"-‘l “’ithq hole densities in the QWs varying from 2 -
x: 10 2 - 10  cm -2 have been investigated. Two
£MTS of ohmic contacts (see inset Fig. 1) have been pre-
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Fig. 1 Photogalvanic voltage signal U, picked up across
the contact pair 1-2 and normalized by the intensity I as a
function of phase angle ¢. The full line is fitted after Eq. 2
(T2 stn2a),

pared along [110] and [110] for (001)-GaAs/AlGaAs and
[011] and [233] for (311)-GaAs/AlGaAs, respectively.

A high power far-infrared molecular laser pumped by
a TEA-COs laser has been used as a radiation source de-
livering 100 ns pulses with the intensity up to 1 MW/cm?,
NHz has been used as a FIR laser medium vielding
strong linearly-polarized emissions at wavelengths \ =
76 pm, 90 um, and 148 ym [6,7]. The photon energies of
the radiation correspond to transitions between heavy-
and light- hole subbands of GaAs QWs. The linearly po-
larized laser light could be modified to a circularly po-
larized light by applying crystalline quartz Afd-plates. -

3 Experimental results and discussion

While irradiating the (001) GaAs QWs by normally in-
cident circularly polarized radiation (see inset in Fig. 1)
a fast photocurrent signal, [/;5, has been observed in un-
biased samples across one contact pair (contacts 1 & 2
in the inset). The photocurrent changes sign if the cir-
cular polarization is switched from o+ to o_. Measure-
ments of [/} as a function of the angle ¢ between the
optical axis of the A/4-plate and the plane of polariza-
tion of the laser radiation, reveal that the photogalvanic
current j is proportional to the degree of circular polar-
ization P, = sin 20 (Fig. 1). The magnitude and the
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Fig. 2 Photogalvanic voltage signal U/ normalized by the
intensity [ for the two different contact pairs as a function of
phase angle ¢. Lines are fitted after Eq. 2 as Ujs o< sin 2¢
and Uss o< (x+ + x— cos® 2p), respectively.

sign of the CPGE are practically unchanged with vari-
ation of the angle of incidence in the range of -40° to

“ +40°. The photogalvanic signal picked up at the other

pair of contacts (contacts 3 & 4 in the inset of Fig. 2)
does not change sign by switching of the circular polar-
ization from o4 to ¢—. This is demonstrated in Fig. 2
where the voltage [/z4 1s plotted as a function of the
phase angle ¢ together with ['j2. The signal [/z4 1s peri-
odic in ¢ with the period being one half of that of Ua.
The photogalvanic current under study can be described
by the following phenomenological expression

fo= X,\pu(EpE; + EVE;)/Q + Yap Z(E X EH},U ) (1)
where E is the complex amplitude of the electric field of
the electromagnetic wave and

i (B x E*) = Pyye B2 %,

Ey = |E|, q is the light wavevector. In a bulk crystal,
A = z,y,z, while in a QW structure grown along the
z direction, say z || [001], the index A runs only over
the in-plane axes z || [100],y || [010] because the barri-
ers prevent carriers from moving along the z axis and,

“— definitely, j. = 0. The photocurrent given by the ten-

sor \ describes the so-called linear photogalvanic effect
(LPGE) because it is usually observed under linearly
polarized optical excitation. The circular photogalvanic
effect (CPGE) described by the pseudotensor v can he
observed only under circularly polarized excitation.

In an (001)-grown QW structure with Dag or Cay
point symmetry a generation of the circular photocur-
rent under normal incidence is forbidden. Thus in order
to explain the experimental data the next possible sub-

group C; is needed, which contains only two elements: .

the identity and one mirror reflection. In this case under
normal incidence and for light initially polarized along
2’ and transmitted through the A/4 plate we have

e

jor = 7E3 sin 2¢ = 7E3 Peire (2

4

Jyr = Ea(x4 + x- c0s* 29) = E3(x2 — x-P3,.)
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where x+ = (Xy'z'z’ £ Xy'y'y')/2, X2 = Xy'z'z. Instead
of z and y we use here the axes 2’ || [110],¢ || [110].
It follows then that a circular photocurrent is induced
only along 2, while the current induced along y’ is a re-
sult of the linear photogalvanic effect described by the y
tensor components xyiziz and Xyryry - by the projection
of the circularly polarized radiation on z’. The CPGE
described by + can be related to an electric current
in a system of free carriers with nonequilibrium spin-
polarization [8]. The possible microscopic mechanism is
the spin-dependent scattering of optically oriented holes.
Comparison of Eq. (2) and Figs. 1,2 demonstrates
a good agreement between the theory and the experi-
mental data. In order to prove that j,« is caused by the
linear photogalvanic effect, we excited the sample by lin-
early polarized light and measured the voltage /34 as a
function of the angle o between the plane of linear po-
larization and the axis z’. This signal is well described
by Usa o [x+ + X= cos(2a)] which follows from Eq. (1).
The low symmetry C, gives an evidence for the in-
plane anisotropy showing that in the investigated QWs
(i) the [110] and [110] crystallographic directions are dif-
ferent, and (ii) one of the reflection planes is removed
as a symmetry element. This symmetry reduction is at-
tributed to a tilt angle of 5° between the crystallographic
[001] direction and the sample surface normal as has
been verified by x-ray diffraction. In order to prove this
assumption one sample grown on a (311)A-plane has
been investigated. The CPGE has been observed with
a magnitude comparable to the signal of the (001) sam-
ple. Since in the case of the (311)- sample only one QW
has been grown in contrast to the (001) samples which
consisted of 400 QWs, we conclude that the magnitude
of the signal from a single (311)A-grown QW is several
tens of times larger than that of tilted (001) samples.
To summarize, it is shown that the optical orientation
of free carriers can be accompanied by their drift. The
symmetry considerations show that the CPGE can be
observed also in an ideal QW of the symmetry Doy if the
incident radiation is obliquely incident. The experiments
presented here have been carried out in p-doped QWs
but similar results are expected also for n-QWs.
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