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Prospect of building electronic devices in which electron spins store and transport information has
revived interest in the spin relaxation of conduction electrons. Since spin-polarized currents cannot
flow indefinitely, basic spin-electronic devices must be smaller than the distance electrons diffuse
without losing its spin memory. Some recent experimental and theoretical effort has been devoted
to the issue of modulating the spin relaxation. It has been shown, for example, that in certain
materials doping, alloying, or changing dimensionality can reduce or enhance the spin relaxation by
several orders of magnitude. This brief review presents these efforts in the perspective of the current
understanding of the spin relaxation of conduction electrons in nonmagnetic semiconductors and
metals. © 1999 American Vacuum Society.@S0734-211X~99!03604-5#
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I. INTRODUCTION

Electron spin is becoming increasingly popular in ele
tronics. New devices, now generally referred to asspintron-
ics, exploit the ability of conduction electrons in metals a
semiconductors to carry spin-polarized current. Three fac
make spin of conduction electrons attractive for future te
nology: ~1! electron spin can store information,~2! the spin
~information! can be transferred as it is attached to mob
carriers, and~3! the spin~information! can be detected. In
addition, the possibility of having long spin relaxation tim
or spin diffusion length in electronic materials makes sp
tronics a viable potential technology.

Information can be stored in a system of electron sp
because these can be polarized. To represent bits, for
ample, spin up may stand for one, spin down for zero. B
the sheer existence of two spin polarizations is of limited
if we do not have means of manipulating them. Curren
used methods of polarizing electron spins include magn
field, optical orientation, and spin injection. Polarization
magnetic field is the traditional method that works for bo
metals and semiconductors. Spin dynamics in semicond
tors, however, is best studied by optical orientation wh
spin-polarized electrons and holes are created by a circu
polarized light. Finally, in the spin injection technique
spin-polarized current is driven, typically from a ferroma
net, into the metallic sample. Since spin is both introduc
and transferred by current, this method is the most promis
for spintronics. Unfortunately, thus far spin injection has n
been convincingly demonstrated in semiconductors.

The second factor, the ability of information transfer
electron spins, relies on two facts. First, electrons are mo
and second, electrons have a relatively large spin mem
Indeed, conduction electrons ‘‘remember’’ their spins mu
longer than they remember momentum states. In a typ
metal, momentum coherence is lost after ten femtoseco
while spin coherence can survive more than a nanosec
As a result, the lengthL1 , the spin diffusion length, ove
which electrons remain spin polarized is much longer th
the mean free path distancel over which their momentum is
lost. SinceL1 is the upper limit for the size of spintroni
1708 J. Vac. Sci. Technol. B 17 „4…, Jul/Aug 1999 0734-211X/99/
-

rs
-

-

s
x-
t
e
y
ic

c-
e
rly

d
g
t

le
y.

h
al
s,
d.

n

elements~in larger elements the spin-encoded informati
fades away!, it is not surprising that significant effort wen
into finding ways of reducing the spin relaxation. Quite u
expectedly, in quantum wells, but even in bulk semicond
tors, donor doping was found to increase the spin memor
conduction electrons by up to three orders of magnitude
metals one has much less freedom in manipulating elec
states. A theoretical study, however, predicts that even th
spin memory can be changed by orders of magnitude
band-structure tailoring. Alloying of polyvalent metals wit
monovalent ones can increase the spin memory by a de
or two. The ability of conduction electrons to transport sp
polarized current over distances exceeding micrometers
now been demonstrated in both metals and semiconduc

Finally, after the spin is transferred, it has to be detect
In many experiments, the spin polarization is read optica
photoexcited spin-polarized electrons and holes in a se
conductor recombine by emitting circularly polarized ligh
or the electron spins interact with light and cause a rotat
of the light polarization plane. It was discovered, howev
that spin can be also measured electronically, throu
charge-spin coupling. When spin accumulates on the c
ductor side at the interface of a conductor and a ferromag
a voltage or a current appears. By measuring the polarity
the voltage or the current, one can tell the spin orientation
the conductor. Like spin injection, spin-charge coupling h
been demonstrated only in metals.

The operational synthesis of spin~information! storage,
transfer, and detection can be illustrated on concrete dev
Spin transistor is a trilayer that consists of a nonmagn
metal ~base! sandwiched between two ferromagnets~emitter
and collector!. Spin-polarized current injected into the ba
from the emitter causes spin accumulation at the ba
collector interface. If the collector magnetic moment is o
posite to the spin polarization of the current~and parallel to
the emitter magnetic moment, if the injected electrons
from the spin-minority subband!, the current flows from the
base into the collector. If the collector magnetic momen
parallel to the spin polarization, the current is reversed.
order for the spin accumulation to occur, the current in
170817 „4…/1708/8/$15.00 ©1999 American Vacuum Society
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metallic base must remain polarized—the base must be t
ner thanL1 . Similar principles work in the giant magnetore
sistance effect. Multilayer structures with alternating no
magnetic and ferromagnetic metals have their resista
strongly dependent on the relative orientation of the fer
magnetic moments. The resistance is small if the mome
point in the same directions, and large if the directions
neighboring moments are reversed. Again, the informa
about the moment of a ferromagnetic layer is encoded
electron spins which carry this information through a co
tiguous nonmagnetic metal into another ferromagnet. H
the information is read and in ideal case the electron is
into the ferromagnet only if its spin is opposite to the dire
tion of the ferromagnetic moment. Otherwise, the electron
scattered at the interface.

Several recent reviews focus on spin-polarized transp
An overview of the subject can be found in Ref. 1. Sp
transistors, spin injection, and charge-spin coupling in me
lic systems is treated in Ref. 2; a comprehensive accoun
optical orientation is given in Ref. 3, and recent reviews
giant magnetoresistance are in Refs. 4 and 5. Many s
gested spintronic devices have not been demonstrated
but their potential seems enormous. Industrial issues rel
to spintronics can be found in Refs. 6, 7, and Ref. 8 descr
some of the recent spintronic schemes and devices.

The present article introduces basic concepts of the
relaxation of conduction electrons and identifies import
unresolved issues in both semiconductors and metals.
ticular emphasis is given to the recent experimental and
oretical work that attempts to enhance and/or underst
electron spin coherence in electronic materials.

II. MECHANISMS OF SPIN RELAXATION

Spin relaxation refers to the processes that bring an
balanced population of spin states into equilibrium. If, s
spin up electrons are injected into a metal at timet50 cre-
ating a spin imbalance, at a later time,t5T1 ~the so-called
spin relaxation time!, the balance is restored by a couplin
between spin and orbital degrees of freedom. Three s
relaxation mechanisms have been found to be relevant
conduction electrons~Fig. 1!: the Elliott–Yafet, D’yakonov–
Perel’, and Bir–Aronov–Pikus.

The Elliott–Yafet mechanism is based on the fact tha
real crystals Bloch states are not spin eigenstates. Indeed
lattice ions induce the spin-orbit interaction that mixes
spin-up and spin-down amplitudes.9 Usually the spin-orbit
coupling l is much smaller than a typical band widthDE
and can be treated as a perturbation. Switching the spin-o
interaction adiabatically, an initially spin-up~down! state ac-
quires a spin-down~up! component with amplitudeb of or-
der l/DE. Sinceb is small, the resulting states can be s
named ‘‘up’’ and ‘‘down’’ according to their largest spi
component. Elliott9 noticed that an ordinary ~spin-
independent! interaction with impurities, boundaries, inte
faces, and phonons can connect ‘‘up’’ with ‘‘down’’ elec
trons, leading to spin relaxation whose rate 1/T1 is
proportional tob2/t ~t being the momentum relaxation tim
JVST B - Microelectronics and Nanometer Structures
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determined by ‘‘up’’ to ‘‘up’’ scattering!. Additional spin-
flip scattering is provided by the spin-orbit interaction
impurities, and by the phonon-modulated spin-orbit inter
tion of the lattice ions~Overhauser10!. The latter should be
taken together with the Elliott phonon scattering to get
correct low-temperature behavior of 1/T1 .11 Yafet11 showed
that 1/T1 follows the temperature dependence of resistivi
1/T1;T at temperaturesT above the Debye temperatureTD ,
and 1/T1;T5 at very lowT in clean samples~neutral impu-
rities lead toT-independent spin relaxation!. Elliott–Yafet
processes due to the electron-electron scattering in semi
ductors were evaluated by Boguslawski.12

In crystals that lack of inversion symmetry~such as zinc-
blende semiconductors! the spin-orbit interaction lifts the
spin degeneracy: spin-up and spin-down electrons have
ferent energies even when in the same momentum state.
is equivalent to having a momentum-dependent inter
magnetic field B~k! which is capable of flipping spins
through the interaction term likeB(k)•S, with S denoting
the electron spin operator.~This term can be further modu
lated by strain or by interface electric fields.! D’yakonov and

FIG. 1. Relevant spin relaxation mechanisms for conduction electrons.~A!
The Elliott–Yafet mechanism. The periodic spin-orbit interaction makes
spin ‘‘up’’ Bloch states contain small spin-down amplitude, and vice ver
Impurities, boundaries, and phonons can induce transitions between
‘‘up’’ and ‘‘down’’ leading to spin degradation.~B! The D’yakonov–Perel’
mechanism. In noncentrosymmetric crystals spin bands are no longer de
erate: in the same momentum state spin up has different energy than
down. This is equivalent to having internal magnetic fields, one for e
momentum. The spin of an electron precesses along such a field, unt
electron momentum changes by impurity, boundary, or phonon scatte
Then the precession starts again, but along a different axis. Since the
polarization changes during the precession, the scattering acts again
spin relaxation.~C! The Bir–Aronov–Pikus mechanism. The exchange
teraction between electrons and holes causes the electron spins to p
along some effective magnetic field determined by hole spins. In the lim
strong hole spin relaxation, this effective field randomly changes before
full precession is completed, reducing the electron spin relaxation.
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1710 J. Fabian and S. Das Sarma: Spin relaxation of conduction electrons 1710
Perel’ showed that the lifting of the spin degeneracy lead
spin relaxation.13 Typically the distance between spin-up a
spin-down bands is much smaller than the frequency 1/t of
ordinary scattering by impurities, boundaries, or phono
Consider an electron with momentumk. Its spin precesse
along the axis given byB~k!. Without going the full cycle,
the electron scatters into momentumk8 and begins to preces
along the direction now given byB(k8), and so on. The
electron spin perceives the scattering through rando
changing precession direction and frequency. The preces
angle along the axis of initial polarization~or any other fixed
axis! diffuses so its square becomes about (t/t)(vt)2 after
time t ~v is the typical precession frequency!. By definition
T1 is the time when the precession angle becomes of o
one. Then 1/T1'v(vt). The factor~vt! is a result of mo-
tional narrowing as in nuclear magnetic resonance.14 The
spin relaxation rate 1/T1 is proportional to the momentum
relaxation timet. We note that in strong magnetic fields th
precession along the randomly changing axis is suppre
~spins precess along the external field15 and electron cyclo-
tron motion averages over different internal magne
fields16,17!, leading to a reduction of the D’yakonov–Pere
spin relaxation.

Another source of spin relaxation for conduction electro
was found by Bir, Aronov, and Pikus18 in the electron-hole
exchange interaction. This interaction depends on the s
of interacting electrons and holes and acts on electron s
as some effective magnetic field. The spin relaxation ta
place as electron spins precess along this field. In m
cases, however, hole spins change with the rate that is m
faster than the precession frequency. When that happen
effective field which is generated by the hole spins fluctua
and the precession angle about a fixed axis diffuses as in
case of the D’yakonov–Perel’ process. The electron spin
laxation rate 1/T1 is then ‘‘motionally’’ reduced and is pro
portional to the hole spin relaxation time. Similar reducti
of 1/T1 occurs if holes that move faster than electrons cha
their momentum before electron spins precess a full cycl18

The Bir–Aronov–Pikus spin relaxation, being based on
electron-hole interaction, is relevant only in semiconduct
with a significant overlap between electron and hole wa
functions.

III. SEMICONDUCTORS

Spin relaxation in semiconductors is rather compl
First, there are different charge carriers to consider. B
electrons and holes can be spin polarized and carry s
polarized currents. Furthermore, some features of the
served luminescence polarization spectra must take into
count excitons, which too, can be polarized. Second,
addition to temperature and impurity content the spin rel
ation is extremely sensitive to factors like doping, dime
sionality, strain, magnetic and electrical fields. The type
dopant is also important: electrons inp-type samples, for
example, can relax much faster than inn-type samples. And
finally, since the relevant electron and hole states are t
cally very close to special symmetry points of the Brillou
J. Vac. Sci. Technol. B, Vol. 17, No. 4, Jul/Aug 1999
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zone, subtleties of the band structure often play a decis
role in determining which spin relaxation mechanism p
vails. ~Band structure also determines what is polarized
often due to degeneracy lifting, spin and orbital degrees
entirely mixed and the total angular momentum is what
referred to as ‘‘spin.’’! The above factors make sorting o
different spin relaxation mechanisms a difficult task.

The first measurement ofT1 of free carriers in a semicon
ductor was reported in Si by Portiset al.19 and Willenbrock
and Bloembergen;20 these measurements were done by c
duction electron spin resonance. Silicon, however, rema
still very poorly understood in regards to its spin transp
properties. Very little is known, for example, about ele
tronic spin-flip scattering by conventionaln and p dopants.
Considering that Si may be an important element for sp
tronics since it is widely used in conventional electronics,
spin relaxation properties should be further investigated.

Much effort was spent on III–V semiconductors whe
optical orientation3 enables direct measurement ofT1 . In
these systems holes relax much faster than electrons bec
hole Bloch states are almost an equal admixture of spin
and down eigenstates. The Elliott–Yafet mechanism th
gives T1 of the same order ast. In quantum wells~QW!,
however, T1 of holes was predicted by Uenoyama a
Sham21 and Ferreira and Bastard22 to be quenched, and eve
longer than the electron-hole recombination time. This w
observed experimentally inn-modulation doped GaAs QW
by Damenet al.23 who measured hole spin relaxation time
4 ps at 10 K. Hole and exciton spin relaxation was review
by Sham.24

Compared to holes, electrons in III–V systems remem
their spins much longer and are therefore more important
spintronic applications. Typical measured values of elect
T1 range from 10211 to 1027 s. All the three spin relaxation
mechanisms have been found contributing toT1 . Although it
is difficult to decide which mechanism operates under
specific experimental conditions~this is because in som
cases two mechanisms yield similarT1 , but also because
experiments often disagree with each other25!, some general
trends are followed. The Elliott–Yafet mechanism domina
in narrow-gap semiconductors, whereb2 is quite large (DE
'Eg is small!. Chazalviel26 studied n-doped InSb (Eg

'0.2 eV) and found that Elliott–Yafet scattering by ionize
impurities explains the observed 1/T1 .

If band gap is not too small, the D’yakonov–Pere
mechanism has been found relevant at high temperatures
sufficiently low densities of holes. The D’yakonov–Pere
mechanism can be quite easily distinguished from
Elliott–Yafet one: the former leads to 1/T1;t while for the
latter 1/T1;1/t. The increase in the impurity concentratio
decreases the efficiency of the D’yakonov–Perel’ proces
and increases those due to Elliott and Yafet. Another us
test of the D’yakonov–Perel’ mechanism is its suppress
by magnetic field.16,17 The first experimental observation o
the D’yakonov–Perel’ mechanism was reported by Cla
et al. on moderately dopedp samples of GaAs27 and
GaAlAs.28 Later measurements on less doped samples



A

e
a

x

h

no
re

at
th
ve

rs
a

tu
a
in
o

n

fa
ry

n

lle
s
-
d

ism
e
n
fo
on
oo
on

e
tl
s
he
n

g

v–

et-
er,
nt.
es

g.
rel’
aAs

ue
ng

ith

s/
k.

re-
er-
by

rs

n
red

ax-

s
n
tric

ed.

h is
e-
is
8
x-
ons,
yed
op-
lec-
the
the
ncy

the
ily

as
ory

a

1711 J. Fabian and S. Das Sarma: Spin relaxation of conduction electrons 1711
GaAs by Maruschaket al.29 and Zerrouatiet al.25 confirmed
that the D’yakonov–Perel’ mechanism is dominant in Ga
at elevated temperatures.

At low temperatures and in highlyp-doped samples~ac-
ceptor concentration larger than 1017cm23), the Bir–
Aronov–Pikus mechanism prevails. As the acceptor conc
tration increases this mechanism reveals itself
progressively higher temperatures. An increase of 1/T1 with
increasingp doping signals that the electron-hole spin rela
ation is relevant. This was demonstrated inp-type GaAs~for
example, Zerrouatiet al.,25 Maruschaket al.,29 and Fishman
and Lampel30! and GaSb~Aronov et al.31!. The physics of
spin relaxation inp-doped III–V semiconductors is very ric
because several different mechanisms have been shown
evant. More work, however, still needs to be done. It is
clear, for example, what happens at very low temperatu
and in very pure samples.25 There are some indications th
at very low temperatures both the D’yakonov–Perel’ and
Bir–Aronov–Pikus mechanisms can explain the obser
data at whatever doping.25 Excellent reviews of conduction
electron spin relaxation in bulk III–V semiconducto
are.32,33These references contain both experimental data
many useful formulas of 1/T1 .

Electron spin relaxation has been studied also in quan
wells. That spin dynamics in quantum wells differs from th
in the bulk is obvious from the fact that the relevant sp
relaxation mechanisms are very sensitive to factors like m
bility ~which is higher in QWs!, electron-hole separatio
~smaller in QWs! and electronic band structure~more com-
plicated in QWs because of subband structures and inter
effects!. Furthermore, the quality of QW samples is ve
important since 1/T1 is strongly influenced by localization
and defects. The first measurement of conduction electroT1

in a QW was reported by Damenet al.23 who studied the
dynamics of luminescence polarization inp-modulation
doped GaAs/AlGaAs, and obtainedT1'0.15 ns at low tem-
peratures. This relaxation time is three to four times sma
than in a similar bulk sample~the acceptor concentration wa
431011cm22). It was concluded23 that the relevant mecha
nism was Bir–Aronov–Pikus. The recent theoretical stu
by Maialle and Degani34 of the Bir–Aronov–Pikus relax-
ation in QWs indicates that, to the contrary, this mechan
is not efficient enough to explain the experiment. Anoth
possibility is the D’yakonov–Perel’ mechanism. Bastard a
Ferreira35 calculated the effectiveness of this mechanism
the case of ionized impurity scattering. Their calculati
shows24 that the D’yakonov–Perel’ mechanism is also t
weak to explain the experiment. Although some assumpti
of the theoretical studies may need to be reexamined~the
major difficulty seems to be estimatingt!,24 further experi-
mental work~such as temperature and doping dependenc! is
required to decide on the relevant mechanism. Recen
Britton et al.36 studied the spin relaxation in undoped GaA
AlGaAs multiple quantum wells at room temperature. T
measured relaxation times vary between 0.07 and 0.01
decreasing strongly with increasing confinement ener
JVST B - Microelectronics and Nanometer Structures
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These results seem to be consistent with the D’yakono
Perel’ mechanism.36

Spin relaxation studies in quantum wells also promise b
ter understanding of interface effects. In an inversion lay
an electric field arises from the electrostatic confineme
This field induces a spin-orbit interaction which contribut
to the spin splitting~the so-called Rashba splitting! of elec-
tron bands in addition to the inversion-asymmetry splittin
This should enhance the efficiency of the D’yakonov–Pe
mechanism. Spin precession of conduction electrons in G
inversion layers was investigated by Dresselhauset al.37 us-
ing antilocalization. The spin relaxation was found to be d
to the D’yakonov–Perel’ mechanism, but the spin splitti
was identified~by magnetic field dependence! to be prima-
rily due to the inversion asymmetry. This is consistent w
an earlier theoretical study of Lommeret al.38 of spin split-
ting in heterostructures, which predicted that in GaA
AlGaAs QWs the Rashba term in the Hamiltonian is wea
In narrow-band semiconductors, however, Lommeret al.
predict that the Rashba term becomes relevant. But this
mains a not-yet-verified theoretical prediction. Another int
esting study of the interface effects was done recently
Guettler et al.39 following the calculations of Vervoort
et al.40 Quantum well systems in which wells and barrie
have different host atoms~so-called ‘‘no-common-atom’’
heterostructures! were shown to have conduction electro
spin relaxation enhanced by orders of magnitude compa
to common-atom heterostructures. In particular, spin rel
ation times in~InGa!As/InP QWs were found to be 20~90!
ps for electrons~holes!, while the structures with common
host atoms~InGa!As/~AsIn!As have spin relaxation time
much longer: 600~600! ps. This huge difference betwee
otherwise similar samples is attributed to the large elec
fields arising from the asymmetry at the interface~interface
dipolar fields!.39

Spin relaxation of conduction electrons can be controll
This was first realized by Wagneret al.41 who d-doped
GaAs/AlGaAs double heterostructures with Be~as acceptor!.
The measured spin relaxation time was about 20 ns whic
two orders of magnitude longer than in similar homog
neouslyp-doped GaAs. The understanding of this finding
the following. The sample was heavily doped (
31012cm22) so the Bir–Aronov–Pikus mechanism was e
pected to dominate the relaxation. Photogenerated electr
however, were spatially separated from holes which sta
mostly at the center of the GaAs layer, close to the Be d
ants. There was, however, still enough overlap between e
trons and the holes for efficient recombination so that
radiation polarization could be studied. The decrease of
overlap between electrons and holes reduced the efficie
of the Bir–Aronov–Pikus mechanism and increasedT1 .
This experiment can be also taken as a confirmation that
Aronov–Bir–Pikus mechanism is dominant in heav
p-doped heterostructures.

The next important step in controlling spin relaxation w
the observation of a large enhancement of the spin mem
of electrons in II–VI semiconductor QWs by Kikkaw
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1712 J. Fabian and S. Das Sarma: Spin relaxation of conduction electrons 1712
et al.42 Introducing a~two-dimensional! electron gas byn
doping, the II–VI QWs was found to increase electronic s
memory by several orders of magnitude. The stud
samples were modulation-doped Zn12xCdxSe quantum wells
with electron densities 231011 and 531011cm22 ~an addi-
tional insulating sample was used as a benchmark!. Spin po-
larization was induced by a circularly polarized pump pu
directed normal to the sample surface. The spins, initia
polarized normal, began to precess along an external m
netic field oriented along the surface plane. After a timedt,
a probe pulse of a linearly polarized light detected the ori
tation of the spins. The major result of the study was tha
doped samples electron spin remained polarized for alm
three orders of magnitude longer than in the insulating~no
Fermi see! sample. The measuredT1 was on the nanosecon
scale, strongly dependent on the magnetic field and we
dependent on temperature and mobility. Although the na
second time scales and the increase of the observed pola
tion in strong magnetic fields~usually a Tesla! could be ex-
plained by the D’yakonov–Perel’ mechanism,25 the
temperature and mobility~in!dependence remain a puzzl
The overall increase ofT1 by donor doping can be unde
stood in the following way.42 In insulating samples, photo
excited spin-polarized electrons quickly recombine w
holes. This happens in picoseconds. In the presence
Fermi sea photoexcited electrons do not recombine~there are
plenty other electrons available for recombination! so they
lose their spins in nanoseconds, which are natural time sc
for spin relaxation. There is a caveat, however. The ab
scenario is true only if holes lose their spins faster than t
recombine with electrons. Otherwise only electrons from
Fermi sea with a preferred spin would recombine, leav
behind a net opposite spin that counters that of the photo
cited electrons. The fast hole relaxation certainly happen
the bulk ~and similar enhancement ofT1 has been observe
in n-doped bulk GaAs by Kikkawa and Awschalom43!, but
not necessarily in quantum heterostructures.21–23 This issue
therefore remains open. Very recent optically pump
nuclear magnetic resonance measurements44 in n-doped
AlGaAs/GaAs multiple quantum well systems indicate u
usually longT1*100ms at temperatures below 500 mK
the two-dimensional electron gas system under the app
tion of a strong~*12 T! external magnetic field. It is unclea
whether this remarkable decoupling~that is,T1*100ms) of
the two-dimensional electron gas spins from its environm
is an exotic feature of the fractional quantum Hall phys
dominating the system, or is a more generic effect wh
could be controlled under less restrictive conditions.

It was recently demonstrated that spin polarized curr
can flow in a semiconductor. Ha¨gele et al.45 used a simple
but ingenuous setup that consisted of a micrometeri -GaAs
block attached to ap-modulation doped GaInAs QW laye
The free surface of the GaAs block was illuminated by
circularly polarized light. The photogenerated electrons th
drifted towards the QW under the force of an applied elec
field ~photoexcited holes moved in the opposite direction
wards the surface!. The electrons recombined with hole
J. Vac. Sci. Technol. B, Vol. 17, No. 4, Jul/Aug 1999
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upon hitting the QW, emitting light. By observing the pola
ization of the emitted light Ha¨geleet al. concluded that elec-
trons captured by the QW were polarized. The spin was
most completely conserved after the electrons traveled
long as 4mm and under the fields up to 6 kV/cm, indicatin
very long spin diffusion lengths in these experiments.45

IV. METALS

Only a dozen elemental metals have been investigated
spin relaxation so far. Early measurements ofT1 were done
by the conduction electron spin resonance technique. T
technique was demonstrated for metals by Griswoldet al.,46

and Feher and Kip47 used it to make the firstT1 measurement
of Na, Be, and Li. This and subsequent measurements es
lished that 1/T1 in metals depends strongly on the impuri
content~especially in light metals like Li and Be! and grows
linearly with temperature at high temperatures. Typical s
relaxation time scales were set to nanoseconds, althoug
very pure samplesT1 can reach microseconds at low tem
peratures~for example, in sodium, as observed by Kolbe48!.
Reference 49 is a good source of these early spin relaxa
measurements.

The next wave of measurements started with the real
tion of spin injection in metals. Suggested theoretically
Aronov,50 spin injection was first demonstrated in Al b
Johnson and Silsbee.51 Later measurements were done
Au52 and Nb53 films. The spin injection technique enable
measurements ofT1 in virtually no magnetic fields so thatT1

can now be measured in superconductors, spin glasse
Kondo systems where magnetic field qualitatively alte
electronic states. Furthermore, by eliminating the need
magnetic fields to polarize electron spins one avoids com
cations like inhomogeneous line broadening, arising fromg
factor anisotropy. Johnson also succeeded in injecting s
polarized electrons into superconducting Nb films.53 Spin re-
laxation of electrons~or, rather, quasiparticles! in supercon-
ductors is, however, poorly understood and the experime
now done mostly on high-Tc materials54,55 only manifest the
lack of theoretical comprehension of the subject. Still wa
ing for its demonstration is spin injection into semicondu
tors. Although it was predicted long ago by Aronov an
Pikus,56 it still remains a great experimental challenge.

The observations that 1/T1;T at high temperatures, th
strong dependence on impurities, and characteristic nano
ond time scales has led to the general belief that conduc
electrons in metals lose their spins by the Elliott–Ya
mechanism. Although simple estimates and even some
lytical calculations were done for simplest metals like N
~Yafet11!, careful numerical calculations are lacking. Expe
mental data are usually analyzed to see if the simple rela
suggested by Yafet,11

1/T1;b2r, ~1!

wherer is resistivity, is obeyed. The spin-mixingb2 is the
fitting parameter so the temperature behavior of 1/T1 is de-
termined solely byr. At high temperatures 1/T1;r;T as
observed. At low temperatures the spin relaxation sho
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1713 J. Fabian and S. Das Sarma: Spin relaxation of conduction electrons 1713
obey the Yafet law 1/T1;T5 ~in parallel to the Bloch law
r;T5), but so far this has not been observed, mainly due
the large contribution from impurity and boundary scatt
ing. ~Even after subtracting this temperature independ
background the uncertainties of the measurements preve
definite experimental conclusion about the lowT behavior.!

Equation~1! suggests that dividing 1/T1 by b2 one obtains
resistivity, up to a multiplicative~material independent! con-
stant. Resistivity, divided by its valuerD at TD and ex-
pressed as function of reduced temperatureT/TD follows a
simple Grüneisen curve, the same for all simple meta
Monod and Beuneu49 applied this reasoning to then availab
experimental data ofT1 . For the spin mixingb2, they sub-
stituted values obtained from atomic parameters of the
responding elements. The resulting~revised! scaling is repro-
duced in Fig. 2.~The original scaling49 hasGs divided byb2,
not by b2rD .) The picture is surprising. While some meta
~the ‘‘main group’’! nicely follow a single Gru¨neisen curve,
others do not. There seems to be no obvious reason fo
observed behavior. Metals Na and Al, for example, are q
similar in that their atomicb2 differ by less than 10%.49 Yet
the spin relaxation times atTD are 0.1 ns for Al and 20 ns fo
Na.57

The solution to this puzzle can be found by recognizin57

that the main group is formed by monovalent alkali a
noble metals, while the metals with underestimatedb2, Al,
Pd, Mg, and Be are polyvalent~no other metals have bee
measured forT1 in a wide enough temperature region!.
Monovalent metals have their Fermi surfaces inside Brillo
zone boundaries so that distance between neighboring ba
DE is quite uniform and of the order of the Fermi ener
EF . The spin mixing is thenb2'(l/EF)2 for all states on
the Fermi surface. Polyvalent metals, on the other hand, h

FIG. 2. Revised Monod–Beuneu scaling. The measured widthGs5const
3(1/T1) of the conduction electron spin resonance signal is divided by
effective spin-mixing probabilityb2 obtained from atomic parameters, an
by resistivityrD at Debye temperatureTD . This should follow a Gru¨neisen
curve when plotted as function of reduced temperatureT/TD . The alkali
metals fall onto a single curve while Al, Pd, Be, and Mg do not, indicat
that theirb2 is much larger than estimated from atomic parameters.
JVST B - Microelectronics and Nanometer Structures
o
-
nt
t a

.

r-

he
te

n
ds,

ve

Fermi surfaces which cross Brillouin zone boundaries, a
often also special symmetry points and accidental deg
eracy lines. When this happens the electron spin relaxatio
significantly enhanced. This was first noted by Silsbee a
Beuneu58 who estimated the contribution to Al 1/T1 from
accidental degeneracy lines. Later the present authors ga
rigorous and detailed treatment of how not only acciden
degeneracy, but all the band anomalies contribute to 1/T1 .57

This treatment led to the spin-hot-spot model57 which ex-
plains why all the measured polyvalent metals have spin
laxation faster than expected from a naive theory. In addit
to explaining experiment, the spin-hot-spot model predi
the behavior of other polyvalent metals. The model is illu
trated in Fig. 3.

As an example, consider a metal whose Fermi surf
crosses a single Brillouin zone boundary.57,59 The distance
between energy bandsDE is aboutEF for all Fermi surface
states except those close to the boundary. ThereDE'2V,14

where V is the Fourier component of the lattice potent
associated with the boundary. Since in most casesV!EF the
spin mixing b2'(l/V)2 is much larger than on average.
an electron jumps into such states, the chance that its
will be flipped is much enhanced. Similarly if the electro
jumps from these ‘‘spin hot spots.’’ But how much the stat
with DE'2V contribute to spin relaxation depends on ho
many they are relative to the number of states on the Fe

e

FIG. 3. Spin-hot-spot model.~A! Monovalent metals. As electrons scatt
and change momentum, they perform a random walk on the Fermi sur
At each jump the electrons have a small chance of flipping their spin~the
Elliott–Yafet mechanism!, indicated on the right. In monovalent metals, th
chance is uniform over the Fermi surface and is roughly equal to (l/EF)2.
~B! Polyvalent metals. Fermi surfaces of polyvalent metals contain spin
spots~back stains!, which are states at Brillouin zone boundaries, spec
symmetry points, or accidental degeneracy lines. If an electron jumps
such a state, its chance of flipping spin is much enhanced. Although spin
spots form a small part of the Fermi surface and the probability that
electron jumps there is quite small, they nevertheless dominate the ele
spin relaxation.
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1714 J. Fabian and S. Das Sarma: Spin relaxation of conduction electrons 1714
surface. A single electron experiences thousands of ju
due to momentum scattering before its spin flips. Theref
the spin relaxation rate 1/T1 is determined by the averag
^b2& of b2 over the Fermi surface. The majority of stat
with DE'EF contribute (l/EF)231 ~the value ofb2 times
the probability of occurrence, which in this case is close
one! to ^b2&. The probability of finding a state withDE
'2V on the Fermi surface turns out to be aboutV/EF ,59 so
the spin hot spots contribute about (l/V)23(V/EF), which
is (l/EF)23(EF /V). This is larger byEF /V than the con-
tribution from ordinary states. TypicallyEF /V'10, and con-
sidering that in reality the Fermi surface crosses more t
one Brillouin zone boundary, the spin relaxation can be
hanced up to two orders of magnitude. Electron jumps t
include at least one spin-hot-spot state dominate spin re
ation to the extent that the majority of scattering eve
~those outside the spin hot spots! can be neglected.

The spin-hot-spot picture not only solves a long-stand
experimental puzzle, but also shows a way to tailor the s
relaxation of electrons in a conduction band. Spin relaxat
of a monovalent metal, for example, can be enhanced
alloying with a polyvalent metal. This brings more electro
into the conduction band. As the Fermi surface increase
begins to cross Brillouin zone boundaries and other spin-
spot regions. The enhancement of 1/T1 can be significant.
Similarly, 1/T1 can be reduced by orders of magnitude
alloying polyvalent metals with monovalent. Applying pre
sure, reducing the dimensionality, or doping into a semic
ductor conduction bands as well as any other method
modifying the band structure should work. The rule of thum
for reducing 1/T1 is washing the spin hot spots off the Ferm
surface.~Another possibility would be to inhibit scattering i
or out the spin hot spots, but this is hardly realizable.!

The most important work ahead is to catalog 1/T1 for
more metallic elements and alloys. So far only the simp
metals have been carefully studied over large enough t
perature ranges, but even in these cases it is not clear
example, as to how phonon-induced 1/T1 behaves at low
temperatures. It is plausible that understanding 1/T1 in the
transition metals will require new insights~such as establish
ing the role of thes-d exchange!. Another exciting possibil-
ity is that the measurements at high enough temperatures
settle the question of the so-called ‘‘resistivity saturation’’60

which occurs in many transition metals. Indeed, the t
competing models of this phenomenon imply different s
narios for 1/T1 : the ‘‘phonon ineffectiveness’’ model61 im-
plies saturation of 1/T1 , while the model emphasizing th
role of quantum corrections to Boltzmann theory62 appar-
ently does not.63 Finally, theory should yield probabilities o
various spin-flip processes in different metals. Empiri
pseudopotential and density functional techniques seem q
adequate to perform such calculations. Some work in
direction is already under way.64

V. CONCLUSION

We have provided a brief informal review of the curre
understanding of spin relaxation phenomenon in metals
J. Vac. Sci. Technol. B, Vol. 17, No. 4, Jul/Aug 1999
ps
e

o

n
-

at
x-
s

g
in
n
y

it
t-

-
of

st
-

for

ill

o
-

l
ite
is

d

semiconductors. Although studying spin relaxation throu
electron spin resonance measurements and developing it
croscopic understanding through quantitative band struc
analyses were among the more active early research are
solid state physics~dating back to the early 1950s!, it is
surprising that our current understanding of the phenome
is quite incomplete and is restricted mostly to bulk elemen
metals and some of the III–V semiconductor materials~both
bulk and quantum well systems!. There is a great deal o
renewed current interest in the subject because of the po
tial spintronics applications offering the highly desirable po
sibility of monolithic integration of electronic, magnetic, an
optical devices in single chips as well as the exciting pr
pect of using spin as a quantum bit in proposed quan
computer architectures. It should, however, be emphas
that all of these proposed applications necessarily req
comprehensive quantitative understanding of physical p
cesses controlling spin coherence in electronic materials
particular, there is an acute need to develop techniq
which can manipulate spin dynamics in a controlled coher
way which necessitates having long spin relaxation tim
and/or spin diffusion lengths. Our understanding of spin
herence in small mesoscopic systems and more importa
at or across interfaces~metal/semiconductor, semiconducto
semiconductor! is currently rudimentary to nonexisten
Much work ~both theoretical and experimental as well
materials and fabrication related! is needed to develop a
comprehensive understanding of spin coherence in electr
materials before the spintronics dream can become a vi
reality.
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