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Abstract

We report on the 4rst observation of the circular photogalvanic e�ect (CPGE) induced by optical monopolar spin orientation
of holes in p-doped quantum-well structures. It is shown that monopolar optical spin orientation of free carriers causes an
electric current which reverses its direction upon changing from left to right circularly polarized radiation. The e�ect has
been observed in (0 0 1)- and (3 1 1)A-oriented p-GaAs=AlGaAs quantum wells at normal incidence of far-infrared radiation.
The photocurrent is proportional to the light intensity at low power levels and gradually saturates with increasing intensity.
The CPGE can be utilized to investigate separately spin polarization of electrons and holes and to determine spin-relaxation
times. c© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Spin polarization and spin relaxation in semi-
conductors are the subject of intensive studies of
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spin-polarized electron transport aimed at the devel-
opment of spintronic devices like a spin transistor
Refs. [1,2]. So far, optical spin polarization has been
achieved by interband optical absorption of circu-
larly polarized light with the photogeneration of
spin-polarized electrons and holes Refs. [3–5]. Here
we report on the 4rst observation of the circular pho-
togalvanic e�ect (CPGE) under intersubband transi-
tions in quantum-well (QW) structures. By observing
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the CPGE we experimentally demonstrate monopo-
lar optical spin orientation as a result of absorption
of intense terahertz radiation. At normal incidence
the current occurs in the plane of the quantum well.
The current reverses its direction upon changing the
handedness of light circular polarization from right to
left. Phenomenologically, the e�ect is interpreted as
a transfer of angular momenta of circularly polarized
photons to the directed movement of free carriers,
electrons or holes, and therefore depends on the sym-
metry of the medium. Microscopically, it arises due
to optical spin orientation of holes in QWs and asym-
metric spin-dependent scattering of spin-polarized
carriers followed by an appearance of an electric cur-
rent. The two states of circular polarization �± result
in di�erent spin orientations and, thus, in electric pho-
tocurrents of opposite directions. In contrast to the
case of interband optical excitation, under intersub-
band transitions only one kind of carriers is involved
leading to a monopolar spin orientation. The CPGE
saturates at high radiation intensities. The saturation
is controlled by both spin relaxation and energy relax-
ation of free carriers which allows the investigation
of spin relaxation processes in QWs.

2. Experimental technique and samples

The experiments have been carried out on
(0 0 1)-MOCVD grown p-GaAs=AlGaAs multi QW
structures with 300 or 400 undoped wells of 20 nm
width separated by 10 nm wide doped barriers and
on a p-GaAs=AlGaAs (3 1 1)A-MBE grown single
QW and 20 QWs width of 15 nm. The surface of
the (0 0 1)-grown QW was tilted by an angle of 5◦

between the crystallographic [0 0 1] direction and
the sample surface normal as has been veri4ed by
X-ray di�raction. Samples of 5× 5 mm2 size with
hole densities ps in the QWs varying from 1011 cm−2

to 2× 1012 cm−2 have been investigated. Two pairs
of ohmic contacts (see inset in Fig. 1) have been
prepared along [1 N1 0] (direction 1–2) and [1 1 0] for
(0 0 1)-grown GaAs=AlGaAs and [1 N1 0] (direction
1–2) and [ N2 3 3] for (3 1 1)A-grown GaAs=AlGaAs,
respectively.
A high power far-infrared molecular laser pumped

by a TEA-CO2 laser has been used as a radiation
source delivering 100 ns pulses with the intensity I

Fig. 1. CPGE voltage signal U12 picked up across the contact pair
1&2 and normalized by the intensity I as a function of the phase
angle ’. The full line is 4tted by using Eq. (3) (U12 ˙ sin 2’).
Inset shows geometry of experiment.

up to 1 MW=cm2: NH3 has been used as a FIR laser
medium yielding strong linearly polarized emissions
at wavelengths 	=35; 76; 90, and 148 �m Refs. [6,7].
The photon energies of the laser lines correspond
to transitions between various heavy-hole and=or
light-hole subbands of p-GaAs QWs Ref. [8]. The
linearly polarized laser light could be modi4ed to
circularly polarized radiation by applying crystalline
quartz 	=4-plates.

3. Circular and linear photogalvanic effect

Irradiating the GaAs QWs by normally incident cir-
cularly polarized radiation (see inset in Fig. 1) we have
observed a fast e.m.f. signal U12 in unbiased samples
across one contact pair (contacts 1&2 in the inset).
The photocurrent changes sign if the circular polariza-
tion is switched from �+ to �−. Measurements of U12

as a function of the angle ’ between the optical axis
of the 	=4-plate and the plane of polarization of the
laser radiation, reveal that the photogalvanic current
j is proportional to the degree of circular polarization
Pcirc = sin 2’ (Fig. 1). The magnitude and the sign
of the CPGE are practically unchanged with variation
of the angle of incidence in the range from − 40◦ to
+40◦. The photogalvanic signal picked up at the other
pair of contacts (contacts 3&4 in the inset of Fig. 1)
does not change sign by switching the circular
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polarization from �+ to �−. The signal U34 is periodic
in ’ with the period being one half of that for U12.
The photogalvanic current under study can be de-

scribed by the following phenomenological expression

j	 = �	�(EE∗
� + E�E∗

 )=2 + �	i(E ×E∗); (1)

where E is the complex amplitude of the electric 4eld
of the electromagnetic wave and

i(E ×E∗) = PcircE2
0
q
q
˙ sin 2’ (2)

E0 = |E|; q is the light wavevector. In a bulk crystal,
	= x; y; z, while in a QW structure grown along the z
direction, say z parallel [0 0 1], the index 	 runs only
over the in-plane axes x; y because the barriers prevent
carriers from moving along the z axis and, de4nitely,
jz = 0. For the QW structure grown along z‖[h; h; l],
we choose x and y to be parallel to the axis [1; N1; 0]
and [1; 1; (2h)], respectively. The photocurrent given
by the tensor � describes the so-called linear photo-
galvanic e�ect (LPGE) because it is usually observed
under linearly polarized optical excitation. The circu-
lar photogalvanic e�ect (CPGE) is described by the
pseudotensor � and can be observed only under circu-
larly polarized excitation, Pcirc �= 0. It is de4ned as a
generation of photocurrent which changes its polarity
under a change of sign of the circular polarization of
the exciting light. The CPGE is allowed in systems
having a point group symmetry where at least some
components of a polar and an axial vector transform
according to identical representation. In the particular
case of CPGE, a polar vector is the current density j
and an axial vector is the vector product e× e∗ with e
being the complex light polarization unit vector. Note,
that for a transverse wave one has i(e× e∗)=Pcircq=q;
where q is the light wavevector and Pcirc is the degree
of circular polarization. The same symmetry allows
linear terms in the electron wavevector k in the ef-
fective Hamiltonian H (1) = �lm�lkm, where �l are the
Pauli matrices.
The point group Cs of the investigated (3 1 1)A-

and tilted (0 0 1)-grown samples contains only two
elements: the identity and one mirror reQection. In this
case, under normal incidence and for the experiment
directions x (contacts 1&2) and y (contacts 3&4), we
have for circularly polarized radiation

jx = E2
0� sin 2’; jy = E2

0(�+ + �− cos2 2’); (3)

Fig. 2. CPGE voltage signal U12 normalized by the intensity I as
a function of I for two di�erent wavelengths. Lines are 4tted by
using Eq. (5) with the saturation intensities Is = 70 kW=cm2 (1)
and Is = 35 kW=cm2 (2).

and linearly polarized radiation

jx = E2
0�1 sin 2�; jy = E2

0(�+ + �− cos 2�); (4)

where � is the angle between the electric 4eld vector of
linearly polarized radiation and the axis x; �=�xz; �1=
�xxy and �± = (�yxx ± �yyy)=2. The left side relation
in (3) describes the circular photocurrent whereas the
right equation in (3) and the both equations in (4)
give the current due to the LPGE. Experimentally the
angular dependencies of photocurrents given by Eqs.
(3) and (4) have been observed in good agreement to
the theoretical relations.

4. Saturation of photogalvanic effect

The intensity dependence of CPGE and LPGE has
been measured in the range of 1–103 kW=cm2 for all
wavelengths revealing a saturation with increasing in-
tensity. This saturation is observable in a wide range
of temperatures and hole densities. The photocurrent
depends on the radiation intensity I as

j ˙
I

1 + I=Is
; (5)

where Is is the saturation intensity (see for CPGE
Fig. 2). The magnitude Is for CPGE is in general
smaller than for LPGE, varies with the radiation
wavelength and increases with increasing temperature
(Fig. 3) and doping density. At room temperature the
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Fig. 3. Temperature dependence of the saturation intensity Is of the
CPGE. Inset: schematic representation of one-photon intersubband
transitions and relaxation (dashed lines) under the excitation by
�+ right circularly polarized photons.

saturation intensity is higher than 1 MW=cm2 and can-
not be determined with the available technique.
Saturation of one-photon absorption of circular po-

larized light may be caused by spin orientation of
the hole gas. For any subband �, at nonzero in-plane
wavevector k, each of the two degenerate hole states
|�kj〉 is an admixture of all four angular momentum
components Jz = ± 3

2 ;± 1
2 , yet with di�erent weights

so that the quantum-mechanical average 〈Jz〉 does not
vanish. For circularly polarized radiation the rates for
direct one-photon intersubband transitions |�kj〉 →
|�′kj′〉 depend on the indices j; j′ resulting in a selec-
tive population of the j and j′ states, corresponding
to a monopolar spin orientation. Direct intersubband
transitions by circularly polarized light depopulate and
populate selectively spin states at certain energies in
the valence band due to selection rules and energy and
momentum conservation (see inset in Fig. 3). Since
the transition rate is proportional to the di�erence of
populations in the initial and 4nal states, the increas-
ing selective population tends to equalize the di�ering
transition rates and, hence, leads to a sublinear depen-
dence of the CPGE on the intensity. The saturation is
controlled either by the hole spin relaxation or by en-
ergy relaxation of photoexcited carriers. In contrast to
circularly polarized light, optical transitions induced
by the linearly polarized light are not spin selective
and the saturation is controlled by energy relaxation
of photoexcited carriers only. Therefore comparison

between the saturation of CPGE and LPGE may allow
to determine the spin relaxation time.
In general, two mechanisms contribute to CPGE,

photoexcitation and scattering of photoexcited car-
riers. The 4rst contribution, j1, is caused by the
asymmetry of the momentum distribution of carriers
excited in the optical transitions which are sensitive
to the light circular polarization due to selection rules
Ref. [9]. The second contribution, j2, is a result of spin
relaxation of optically oriented carriers (see Ref. [10]
and references therein). The currents j1 and j2 can be
estimated as j1;2 ≈ ews0�, where e is the elementary
charge, w is the probability of photon absorption per
unit time and unit volume in the case of multiple
quantum wells (or per unit area for a single quantum
well), s0 is the average spin of photoexcited carriers at
the moment of generation, and � is one of the coeR-
cients �lm in the k-linear Hamiltonian H (1). Although
j1 and j2 can be of the same order of magnitude,
the physical di�erence between the two contributions
becomes obvious after the light is switched of: j1
decays with the carrier momentum relaxation time
!p whereas the decay of j2 is governed by the spin
relaxation time !s which can be much longer than !p.

The saturation of the photogalvanic current can be
due to spin relaxation for CPGE and slow energy re-
laxation in the case of both CPGE and LPGE.
For linearly polarized radiation the photon absorp-

tion rate w is proportional to the incident light inten-
sity I at low intensities and saturates as

w = A
I

1 + I=Ise
; (6)

with one saturation intensity Ise determined by the en-
ergy relaxation time !e; A is a constant. Circularly
polarized excitation results in the orientation of spins
which, in turn, leads to an additional mechanism of
saturation. This can be described by adding to w a
spin-dependent contribution and writing the probabil-
ity rate as w(1− #s), where s is the spin polarization
in the nonequlibrium steady state and # is a constant.
From the balance between generation and relaxation
of spin polarization we obtain

s =
1
#

I
Isp

1

1 + I(I−1
se + I−1

sp )
; (7)

where Isp = ps(s0A#!s)−1. Thus the parameter IS in
Eq. (5) is equal to Ise or Ise · Isp=(Ise + Isp) for LPGE
or CPGE, respectively.
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The experimentally observed saturation of the
CPGE and the LPGE follows Eqs. (6) and (7). Sat-
uration intensities have been measured for a wide
range of temperatures, hole densities, and photon
energies, corresponding to di�erent initial and 4nal
energy levels of holes, varying from 30 kW=cm2 to
non-measurably large values. The estimation of re-
laxation times needs the knowledge of the photon
absorption rate at low intensities which is not yet
available but might be calculated after Ref. [8]. The
experimentally observed di�erence between CPGE
and LPGE saturation gives evidence for spin con-
trolled relaxation and allows to distinguish between
energy and spin relaxation.
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