
gradient, df/dz, across the condensate. Such a gradient may be
imprinted by a condensate velocity, because df=dz ¼ mv=�h, where
m is the atomic mass. If N s is identified with f/p, the model predicts
N s / v, in agreement with the observed v-dependent part of N s.
Furthermore, for the largest v and for parameters consistent with
the experiment, the model gives N s < 15, in rough agreement with
observation.

For a soliton with a ¼23a o, the calculated maximum number of
atoms that ensures stability is only ,6,000 per soliton11,13, which
accounts for far fewer atoms than the number contained in the
initial repulsive condensate. Apparently, most of the atoms from the
collapsing condensate are lost, while only a small fraction remain as
solitons. Immediately after switching a from positive to negative, we
observe a diffuse background of atoms spreading out axially. This
observation is reminiscent of the jet emitted by a 85Rb condensate
after switching from repulsive to attractive interactions5. In our
system, which is in the quasi-1D regime, the remnant atoms form
solitons with atom number near their stability limit.

The remarkable similarities between bright matter-wave solitons
and optical solitons in fibres26 emphasize the intimate connection
between atom optics with Bose–Einstein condensates27 and light
optics. Many issues remain to be addressed, however, including
the dynamical process of soliton formation. In addition, further
investigation of soliton interactions and collisions could be under-
taken with this system. Finally, we speculate that an ‘atomic soliton
laser’, based on bright matter-wave solitons, may prove useful
for precision measurement applications, such as atom interfero-
metry28. A
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There is much recent interest in exploiting the spin of conduction
electrons in semiconductor heterostructures together with their
charge to realize new device concepts1. Electrical currents are
usually generated by electric or magnetic fields, or by gradients
of, for example, carrier concentration or temperature. The
electron spin in a spin-polarized electron gas can, in principle,
also drive an electrical current, even at room temperature, if
some general symmetry requirements are met. Here we demon-
strate such a ‘spin-galvanic’ effect in semiconductor heterostruc-
tures, induced by a non-equilibrium, but uniform population of
electron spins. The microscopic origin for this effect is that the
two electronic sub-bands for spin-up and spin-down electrons
are shifted in momentum space and, although the electron
distribution in each sub-band is symmetric, there is an inherent
asymmetry in the spin-flip scattering events between the two
sub-bands. The resulting current flow has been detected by
applying a magnetic field to rotate an optically oriented non-
equilibrium spin polarization in the direction of the sample
plane. In contrast to previous experiments, where spin-polarized
currents were driven by electric fields in semiconductor2,3, we
have here the complementary situation where electron spins
drive a current without the need of an external electric field.

Although it is usually ignored, it is well known that the spin
degeneracy of sub-bands in semiconductor quantum well (QW)
structures can be lifted, owing to terms linear in the wavevector k
resulting from the spin orbit interaction in asymmetric potentials4,5.
For a two-dimensional electron gas (2DEG) system, this leads to the
situation sketched in Fig. 1. The electron energy band splits into two
sub-bands which are shifted in k-space and each of the bands
comprise states with spin up or down. In this band structure spin
polarization means that one sub-band is occupied up to higher
energies than the other. This is depicted in Fig. 1, illustrating that
there are more spin-down than spin-up electrons. Can such a
situation of uniform spin polarization cause an electric current?
As long as the carrier distribution in each sub-band is symmetric
around the sub-band minimum at k x^

no current flows. However,
asymmetric k-dependent spin relaxation events can occur, indicated
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by the dashed arrows in Fig. 1, which result in a current flow. This
means that a current is driven by a homogeneous spin polarization.
Below we describe the observation of such a current.

Phenomenologically, an electric current can be linked by general
symmetry arguments to the electron’s averaged spin S by

ja ¼
g

X
QagSg ð1Þ

where j is an electric current density, Q is a second-rank pseudo-
tensor, and a, g ¼ 1, 2 indicate coordinates. Non-vanishing tensor
components Qag can only exist in non-centrosymmetric systems
belonging to one of the gyrotropic classes6. In zinc-blende-based
heterojunctions with a 2DEG, non-zero components of Qag exist in
contrast to the corresponding bulk crystals7. In our (001)-grown
heterojunctions with the C 2n symmetry only two linearly indepen-
dent components, Q xy and Qyx , are different from zero (xk[11̄0]
and yk[110]) where x and y are cartesian coordinates. Hence, to
observe a spin-polarization-driven current a spin component lying
in the plane of the heterojunctions is required (for example, Sy in
Fig. 2).

To achieve an in-plane spin orientation in experiment one could
either use spin selective contacts8 (see Fig. 2a) or optical orientation9

by using circularly polarized light. Although significant progress
concerning electrical spin injecting has been made recently10–12,
reliable spin-injection into lateral low-dimensional electron sys-
tems—at room temperature—is still a challenge. Furthermore,
electrical spin injection causes, apart from the driving current, a
laterally inhomogeneous spin polarization and hence additional
driving forces for current flow which would hamper the unam-
biguous demonstration of the effect described here. Instead, we use
optical spin orientation, which ensures a homogeneous non-equili-
brium spin polarization and directly proves the spin-galvanic effect.
In this case of exciting electrons from the valence band to the
conduction band the conduction band gets selectively spin-popu-
lated owing to selection rules which allow transitions by circularly
polarized light only if the spin of the electron is changed by ^1. In
addition to this method we have also used circularly polarized
terahertz radiation causing intraband instead of interband exci-
tation. One interesting aspect of employing terahertz radiation is

that only one type of carriers, electrons or holes, is involved. In this
respect, the effect of intraband spin orientation13 is indeed very close
to electrical spin injection.

It has been shown before that irradiation of quantum wells with
circularly polarized light can result in a photocurrent caused by
non-uniformly distributing photoexcited carriers in k-space
according to optical selection rules and energy and momentum
conservation. This is the circular photogalvanic effect observed
recently in a 2DEG14. In order to achieve a uniform distribution in
spin sub-bands and to exclude this circular photogalvanic effect we
use the geometry depicted in Fig. 2b, where the photogalvanic
current is identical to zero for normal incidence of the light14. In this
geometry, optical excitation yields a steady-state spin orientation
S 0z in the z direction with the generation rate Ṡz proportional to the
intensity of the radiation. To obtain an in-plane component of the
spins, necessary for the effect we describe here, a magnetic field, B,
was applied (Fig. 2b). The field perpendicular to both the light-
propagation direction êz and the optically oriented spins rotates the
spins into the plane of the 2DEG owing to Larmor precession. With
the magnetic field oriented along the x axis we obtain a non-
equilibrium spin polarization Sy which reads, after time averaging7:

Sy ¼ 2
qLts’

1þ ðqLtsÞ
2 S0z ð2Þ

where ts ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
tskts’
p

and t sk , t s’ are the longitudinal and transverse
electron-spin-relaxation times, qL ¼ gmBBx= �h is the Larmor fre-
quency, g is the in-plane effective electron g-factor, mB is the Bohr
magneton, and S0z ¼ tsk

_Sz is the steady-state electron spin polar-
ization in the absence of the magnetic field. Using the Larmor
precession we prepared the situation sketched in Fig. 1 where the
spin polarization Sy lies in the plane. The denominator in equation
(2) yielding the decay of Sy for qL exceeding the inverse spin-
relaxation time is well known from the Hanle effect15.

The experiments were carried out at room temperature
(T ¼ 293 K) and at liquid helium temperature on n-GaAs/AlGaAs
single quantum wells of 15-nm width and on GaAs single hetero-
junctions. The (001)-oriented samples grown by molecular beam
epitaxy contain 2DEG systems with electron densities ns . 2 £
1011 cm22 and mobilities m above 106 cm2 V21 s21 at T ¼ 4.2 K.
Two pairs of contacts were centred on opposite sample edges
along the directions xk[11̄0] and yk[110] (see inset in Fig. 3).
Complementary measurements were also carried out on p-GaAs
multiple quantum-well structures containing 20 wells of 15-nm
width with hole densities in each well p s ¼ 2 £ 1011 cm22 and m ¼
5 £ 105 cm2 V21 s21:

At room temperature a magnetic field of up to 1 T was generated
by an electromagnet. For the low-temperature measurements the
samples were placed in a cryostat with a split-coil superconducting
magnet yielding a field B of up to 3 T. For optical interband
excitation a continuous-wave Ti:sapphire laser was used at a
wavelength of l ¼ 0.777 mm. In order to extract the spin-galvanic
current the linearly polarized laser beam was transmitted through a

Figure 1 Microscopic origin of the spin-galvanic current in the presence of k-linear terms

in the electron hamiltonian. The jy k x term in the hamiltonian splits the conduction band

into two parabolas with the spin ^1=2 in the y direction. If one spin sub-band is

preferentially occupied, for example, by spin injection (the ðj21=2ly -states shown in the

figure) asymmetric spin-flip scattering results in a current in the x direction. The rate of

spin-flip scattering depends on the value of the initial and final k-vectors. There are four

distinct spin-flip scattering events possible, indicated by the arrows. The transitions

sketched by dashed arrows yield an asymmetric occupation of both sub-bands and hence

a current flow. If, instead of the spin-down sub-band, the spin-up sub-band is

preferentially occupied the current direction is reversed.

Figure 2 Two ways of generating an in-plane spin-polarization. a, The spin injection from

ferromagnetic contacts of magnetization M into the two-dimensional electron gas (2DEG).

b, The optical orientation in combination with an in-plane magnetic field Bx . Spins, initially

aligned along the z direction are rotated into the y direction by Bx .
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photoelastic modulator which yields a periodically oscillating
polarization between right-circular and left-circular. The current
was recorded by a lock-in amplifier in phase with the modulator.
For intraband excitation we used the l ¼ 148 mm line of a pulsed
ammonia laser16. The current of unbiased samples was measured by
the voltage drop on a 50 Q load resistor in a closed circuit
configuration.

Both for visible and terahertz radiation a current has been
observed for all n-type samples after applying an in-plane magnetic
field (Figs 3 and 4). For small magnetic fields B where qLt s , 1
holds, the spin-galvanic current increases linearly as expected from
equations (1) and (2). This is seen in the room-temperature data of
Fig. 3 and in the 4.2 K data in Fig. 4 for B # 1 T. The polarity of the
current depends on the direction of the excited spins (^ z-direction
for right- or left-circularly polarized light, respectively) and on the
direction of the applied magnetic field (^ x direction). The current
is parallel (or anti-parallel) to the magnetic field vector. Comparing
the power sensitivity for visible and terahertz excitation we find
them to be of the same order of magnitude as seen in Fig. 3.
However, we note that the current contribution per photon is larger
by two orders of magnitude for interband excitation. This is due to a
more effective spin generation rate by interband excitation. It may
even be larger, because the signal gets partially shortened by
photogenerated carriers in the semi-insulating substrate.

For higher magnetic fields the current saturates and decreases
upon further increase of B, as shown in Fig. 4. This is ascribed to the
Hanle effect, see equation (2). The observation of the Hanle effect
demonstrates that free carrier intraband transitions can polarize the
spins of electron systems. The measurements allow us to obtain the
spin-relaxation time t s from the peak position of the photocurrent
where qLt s ¼ 1 holds if the g-factor is known. The g-factor of
quantum wells, however, depends strongly on structural details.
This leads to an uncertainty in the measured spin lifetime itself.
Using the theoretically estimated17 value of g ¼20.2 results in
t s ¼ 40 ps at 4.2 K. Spin-relaxation times of the same order of
magnitude as derived here have been obtained by photolumines-
cence measurements18. However, direct comparison of these results
with our data is difficult, because optical recombination does not
detect the spin-relaxation time at the Fermi energy of the 2DEG, as
in the present case of monopolar spin orientation. Published data

on Faraday rotation experiments, which give access to spin relax-
ation at the Fermi level, however, refer to materials which are not
directly comparable to our samples19,20.

Because the in-plane g-factor for heavy holes is very small21, the
associated spin-galvanic effect is expected to be negligible. Indeed
no magnetic-field-induced current has been observed in p-GaAs
quantum wells at terahertz excitation causing spin polarization of
holes only. We note that a magnetic-field-induced circular photo-
galvanic effect in p-type bulk materials was previously observed in
GaAs at intraband excitation22. However, this effect is not due to
spin orientation and does not occur in p-type quantum wells owing
to spatial quantization23. Only for visible excitation, which polarizes
both electrons and holes, has a current signal been detected in p-
type samples (see Fig. 3). This current is due to the spin polarization
of electrons again, which are in this case the minority carriers
generated by interband excitation.

Microscopically, the spin-galvanic effect is caused by the asym-
metric spin-flip relaxation of spin-polarized electrons in systems
with k-linear contributions to the effective hamiltonian. The lifting
of spin degeneracy of 2DEG depicted in Fig. 1 is a consequence of a
contribution to the hamiltonian of the form Ĥk ¼

P
gabagjakg

where ja are the Pauli spin matrices and bag is a pseudo-tensor
subjected to the same symmetry restriction as the pseudo-tensor
Qag used in equation (1). Figure 1 sketches the electron energy
spectrum with the byxjy k x term included. Spin orientation in the y
direction causes an unbalanced population in the spin-down and
spin-up sub-bands. The current flow is caused by the k-dependent
spin-flip relaxation processes. Spins oriented in the y direction are
scattered along kx from the higher filled (for example, spin-down)
sub-band, j 21/2ly, to the less filled spin-up sub-band, j þ1/2ly.
Four quantitatively different spin-flip scattering events exist and are
sketched in Fig. 1 by bent arrows. The spin-flip scattering rate
depends on the values of the wavevectors of the initial and the final
states, respectively24. Therefore spin-flip transitions, shown by solid
arrows in Fig. 4, have the same rates. They preserve the symmetric
distribution of carriers in the sub-bands and, thus, do not yield a
current. However, the two scattering processes shown by broken
arrows are not equivalent and generate an asymmetric carrier
distribution around the sub-band minima in both sub-bands.
This asymmetric distribution results in a current flow along the x
direction. Within our model of elastic scattering the current is not

Figure 3 Current density jx normalized to the radiation power P as a function of the

magnetic field B for normally incident circularly polarized radiation at room temperature

for various samples and wavelengths. Filled symbols: l ¼ 0.777 mm, P ¼ 100 mW.

Triangles, squares and circles correspond to n-type and p-type multiple quantum wells,

and an n-type GaAs/AlGaAs heterojunction, respectively. Open squares: n-type GaAs/

AlGaAs heterojunction, l ¼ 148 mm, P ¼ 20 kW. The inset shows the geometry of the

experiment where êz indicates the direction of the incoming light.

 

Figure 4 Current jx as a function of magnetic field B for normally incident right-handed

(open circles) and left-handed (filled circles) circularly polarized radiation at l ¼ 148 mm

and radiation power 20 kW. Measurements are presented for a n-GaAs/AlGaAs single

heterojunction at T ¼ 4.2 K. Curves are fitted from equation (2) using the same value of

the spin relaxation time ts and scaling of the jx value for the solid curve as for the dashed

curve.
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spin-polarized because the same number of spin-up and spin-down
electrons move in the same direction with the same velocity. In the
case of inelastic scattering the current may be polarized.

The uniformity of the spin polarization in space is preserved
during the scattering processes. Therefore, the spin-galvanic effect
differs from surface currents induced by inhomogeneous spin
orientation25. It also differs from other experiments where the
spin current is caused by gradients of potentials, concentrations
and so on, like the spin-voltaic effect26,27 and the photo-voltaic
effect, which occur in inhomogeneous samples, and like the ‘para-
magnetic metal-ferromagnet’ junction or p-n junctions. When
considering spintronic devices involving heterojunctions, spin-
galvanic current must be taken into account. A
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Semiconductor devices have become indispensable for generat-
ing electromagnetic radiation in everyday applications. Visible
and infrared diode lasers are at the core of information technol-
ogy, and at the other end of the spectrum, microwave and radio-
frequency emitters enable wireless communications. But the
terahertz region (1–10 THz; 1 THz 5 1012 Hz) between these
ranges has remained largely underdeveloped, despite the identi-
fication of various possible applications—for example, chemical
detection, astronomy and medical imaging1–4. Progress in this
area has been hampered by the lack of compact, low-consump-
tion, solid-state terahertz sources5–9. Here we report a monolithic
terahertz injection laser that is based on interminiband tran-
sitions in the conduction band of a semiconductor (GaAs/
AlGaAs) heterostructure. The prototype demonstrated emits a
single mode at 4.4 THz, and already shows high output powers of
more than 2 mW with low threshold current densities of about a
few hundred A cm22 up to 50 K. These results are very promising
for extending the present laser concept to continuous-wave and
high-temperature operation, which would lead to implemen-
tation in practical photonic systems.

In conventional semiconductor lasers, light is generated by the
radiative recombination of conduction band electrons with valence
band holes across the bandgap of the active material; in contrast,
electrons in a quantum-cascade laser propagate through a potential
staircase of coupled quantum wells, where the conduction band is
split by quantum confinement into a number of distinct sub-
bands10. By choice of layer thickness and applied electric field,
lifetimes and tunnelling probabilities of each level are engineered in
order to obtain population inversion between two sub-bands in a
series of identical repeat units. Injector/collector structures connect
these active regions, allowing electrical transport through injection
of carriers into the upper laser level, and extraction of carriers from
the lower laser level. The radiation frequency is determined by the
energy spacing of the lasing sub-bands, allowing in principle
operation at arbitrarily long wavelengths. The quantum-cascade
scheme has thus long been the preferred choice in many attempts to
fabricate a terahertz semiconductor laser. Although electrolumines-
cent devices have been reported by several groups11–14, laser action
has been shown only at much shorter wavelengths15,16. In fact, above
the forbidden phonon band of the material, direct electron–longi-
tudinal optical (LO) phonon scattering processes can be con-
veniently used to achieve large population inversions16.
Furthermore, an additional problematic issue for the terahertz
range stems from the fact that conventional laser waveguides are
not suitable, owing to large free-carrier absorption losses and
practical limitations on the thickness of epilayer growth.

As in all lasers, efficient depletion of the lower level is essential,
and long lifetimes of the upper level are highly desirable. Up until
now, proposed terahertz quantum-cascade designs focused mainly
on the latter aspect. To this end, structures have featured narrow
injector minibands to both suppress scattering of electrons from the
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