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SOLID-STATE PHYSICS

Spinin the slow lane

Bart van Wees

Electrons were until recently thought to transport their charge and spin
equally freely through metals and semiconductors. Now it seems that spin

can lag considerably behind charge.

The recognition that electrons can transport
through a solid not just charge, but also spin
{the intrinsic ‘rotation” of electrons, which
gives rise 1o their magnetic moment}), sowed
the now burgeoning tield of spintronics. As
charge and spin are properties of individual
electrons, it is tempting to conclude that both
will be transported equally efficently, But
Wieeber er al', writing on page 1330 of this
issue;, show that the diffusion of electron spin
can be substantially slower than that of elec-
trom charge. This could have important impli-
cations for spin-based electronics,

The ahility to generate, study and use phe-
nomEna such as spin injection, spin currents
and spin accurmilation, in metals as well as
semiconductors, has made it imperative (o
discover how similar — or different — spin
and charge transport are. Tn metals, no sub
stantial differences have been observed®; but
in semiconductors, experiments in the past
decade have already indicated that charge and
span ditfusion act ditterently”. The comparison
af the two transport mechanisms is amplified
by assuming that the electron spin {or its asso-
clated magnetic moment) can pointonly up or
down along a specific axis, In comventional
charge currents, these spin-up and spin-down
electrons move in the same direction, Fut
when, in the absence of a charge current, spin-
up electrons move in one direction, and an
equal mumber of spin-down electrons move in
the opposite direction, a spin current 15 estabr
lished, with magnetic moment effectively
being transported in one direction.

Usnally, electron muotion is diffusive; scat-
tering on impurities, lattice defects and lattice
vibrations will, after some time, randormize the
direction of an electrons movement, The more
scattering that takes place, the dower the elec
tron diffusion will be, As this effect applies
equally o spin-up and spin-down electrons,
the naive expectation is thar the effective rates
of charge and spin diffusion should be the
sarme, Fut this neglects the electrostatic repul-
sion, or Coulomb interaction, that exists
between electrons, The Coulomb interaction
does not affect the diffusion of charge, as it
does not change the total momentum of the
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Figura| Spindrag. Two dhectrons are maoving in
the x-p plane with apposite directions of spin. In
this particular case, they initially contribute toa
charge current [, in the negative x-direction
{eomventionally, clectric current is depicted asa
flarw of positive charges, in the oppaosite direction
o the actnal electrom e}, Because the spin-np
electron is moving npwards and the spin-down
electron dowinesrds, there (5 aleo s net spliv-up
current §,, in the positive p-direction. Becanse
of Coulamb repulsion as the electrons near sach
other, and the resulting exchange af momentwm,
their direction of maotion in the p-direction, and
s thair contribution o the spin current, is
reversed. Their contribution to the charge
enrrent, however, is unaffeeted, Thus, unlike the
diffasian of charge, the diffosion of spin is slowed
doen — the spin Coulomb drag demonstrated by
Weberetal.'. [Modified from ref. 1.}

electroms, But it does reduce the diffusion rate
of spin through scattering between spin-up
and spin-down electrons (Fg, 1} — the effect
knowm as spin Coulomb drag that has now
been demonstrated expenimentally by Weber
and colleagues'.

Measuring the relevant experimental para-
meter, the spin ditfusion constant [, necessi-
tated a clever technique based on a so-called
spin grating', The authors first used' the inter-
ference between two laser beams polarized
lingarly, but at right angles to each other, to
‘pump’ their sample — a crystal of the semi-
conductor gallim arsenide — with a very
shaort light pulse, The two beams met in the
plane of the semiconductor at an angle, so
their relative phise changed linearly along its
surtace. This induces a periodic variation in
spin density — the spin grating, — in the guan
tum wells in which the electrons are contfined.
Here, regions of excess spin-up and excess

spin-down electrons altermate with a spatial
period L that is dependent on the angle ofinci-
dence of the two beams, This spin grating
decays with time, partially through intrinsic
relaxation of the spin, and partially asa result
of diffusion between the excess spin-up and
spin-down regions {on a typical timescale
T LA, given by the laws of diffusion),

The authors then applied a further linearly
polarized, probe’ laser pulse to their crystal,
This brought the Faraday effect into play,
which dictates that the interaction of a beam of
light with a magnetic field — in this case, that
nsduced by the electron spins — will bring
abouit a (slight) rotation of the polarization of
the reflected beam. The angle of rotation
depends on the induced magnetization {and
thus the spin density), so the decay of the spin
grating can be investigated by varying the
delay between the pump and probe pulses, By
ascertaining the effective decay ime asa func
tion of the spatial period L, the authors deter-
mined the relative importance of diffusion and
relaxation, and abtained vahes tos both D, and
the intrinzic spin relaxation ime. They found
thar the rate of spin diffusion indicated by 0,
wias considerably slower than the charge diffu-
sion rates obtained from comventional elec
rOnic MEasirements,

In thearetical calculations™, spin Coulomb
drag is expressed by 2 parameter known as the
spin-trag transresistivity; this relates the cur-
rent in each of the gpin channels (spin up or
spin down) to the effective electric field in the
appasite spin channel, The significance of the
transresistivity depends on the number of spa-
il dimensions considered, the strength of the
variows interactions between the electrons, and
the conventional electronic resistivity. If this
last quantityis srmall, as it is in good conduciors
such as metals, the effect of spin drag will be
relatively smalF, Tn the two-dimensional sys
temused by Weber er al.', however, the effect of
spin Coulomb drag turns out 1o be consider
able. Reducing further to a one-dimensional
systern has revealed that spin and charge can
even separate’, with the two intrinsic electron
properties developing their own distinctive
wransport modes, These findings are bound w
stimulate further research, What is already
abundantly cear, however, is that spin and
charge both moveat their own pace. L ]
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