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Spint ronics is creat ing new exci t ement in t he sci-
ent i¯c wor ld. I n Par t 1 of t his two-par t ar t icle,
we wi ll deal in an elementary fashion wit h t he
pr inciples of spint ronics.

I nt roduct ion

Spintronics is the branch of science dealing with the ac-
t ive manipulat ion of spin degrees of freedom in solid
statematerials. Thesciencehasa long tradit ion start ing
with Mott 's theoret ical work in 1936 on spin-polarised
transport . But interest in this ¯eld was dormant t ill
the work of the groups of Albert Fert in Paris and Pe-
ter Grnberg in Julich. The ¯eld has seen an explosive
growth since the discovery of Giant Magneto-Resist ive
(GMR) materials, and has found very successful com-
mercial applicat ions. In this two part art icle an elemen-
tary presentat ion of the subject is given.

Elect rons in Normal and Fer romagnet ic M et als

Electrons in metals are free. They occupy a part ially
¯lled conduct ion band. If we take a normal metal (or
a metal in the paramagnet ic state) the energy of the
electron is independent of the orientat ion of its spin.
Choosing a direct ion of quant isat ion, an electron with
spin angular momentum project ion (1=2)(h=2¼) along
this direct ion has the same energy as an electron with
spin project ion ¡ (1=2)(h=2¼). If we plot the density of
states in the conduct ion band of such a metal we get a
diagram as shown in Figure 1.

At the absolute zero of temperature, the Fermi level at
energy "F represents the highest occupied energy state
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Figure 1 (left). Variation  of

the  number density  N↑↑↑↑↑ of
spin up and N↓↓↓↓↓ of spin down
states  with energy  εεεεε in the
conduction band in  a  nor-

mal  metal.   εεεεε
F
  is  the  Fermi

energy.    Regions  showed

by dashed lines up to εεεεε
F

represent filled states.

Figure 2 (right).  Variation

of number density of states

N ↑↑↑↑↑ of   up-spin  and  N ↓↓↓↓↓  of
down- spin as a function of

energy  εεεεε  in a ferromag-
netic metal.   εεεεε

F
 is  the  Fermi

level.   The exchange inter-

action between the elec-

trons pushes down the en-

ergy of the down (↓↓↓↓↓) spin
electrons and pushes up

the energy of the up (↑↑↑↑↑) spin
electrons.

in the conduct ion band. There are equal numbers of
up-spin and down-spin electrons as shown by the equal
area of the shaded regions in Figure 1. The total spin of
all the electrons is therefore zero. Each electron carries
a magnet ic moment ¹ B, which is point ing in a direct ion
opposite to the spin project ion. So the net magnet ic
moment of the material is zero.

If the metal is in the ferromagnet ic state, the exchange
interact ion between the electrons lowers the down-spin
energy relat ive to the up-spin energy. The number den-
sity of states gets modi¯ed as shown in Figure 2.

There are more down-spin electrons than up-spin elec-
t rons. We now say that the material is polarized and
dē ne the polarizat ion Pn in terms of the number den-
sity n " and n # of theconduct ion electrons in themetal
as

Pn =
(n " ¡ n #)
(n " + n #) : (1)
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Figure 3. In diagram (a) no

energy level for down-spin

is occupied as the levels

are above the Fermi level;

in (b) both up-spin and

down-spin levels are occu-

pied by equal number of

electrons; in (c) no up-spin

level is occupied since  all

up-spin levels are above the

Fermi level.

Injection is the

creation of non-

equilibrium

polarisation in a

metal or a

superconductor or a

semiconductor.

Injection can be

done by passing a

current or by shining

circularly polarised

light.

For a normal metal, which is paramagnet ic, Pn = 0. Pn
can have a maximum value of + 1 when n # = 0 and a
minimum value of ¡ 1 when n " is zero. The corre-
sponding number density of states curves are shown in
Figures3(a,b,c). When Pn = § 1wesay thepolarizat ion
is complete.

When Pn is non-zero but does not have the value + 1
or ¡ 1, the polaraizat ion is part ial. The polarizat ion is
accompanied by a spontaneousmagnet izat ion.

I nject ion of Spin Polar izat ion

Creat ion of non-equilibrium spin polarizat ion in an un-
polarized material can be done in many ways. The sim-
plest way is to apply a transient magnet ic ¯eld to a para-
magnet ic metal. Since the paramagnet ic suscept ibility
of a metal is small, it requires a very high magnet ic ¯eld
to create sizeable spin polarizat ion.

Another method is to inject electrons from a ferromag-
net ic metal into a normal metal by applying an electric
¯eld. Let us consider the simple case where the ferro-
magnet icmetal hasa polarizat ion + 1. Electrical current
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Figure 4. Spin injection by

a current passing from a

ferromagnet to a normal

metal.

The injected

polarisation will relax

to its equilibrium value

with a characteristic

relaxation time τ
s
.

is carried only by electrons near the Fermi level and
is proport ional to the number density of states at the
Fermi level. When an electric ¯eld is applied only elec-
t rons with spin up from the ferromagnet ic half metal
cross the junct ion and enter the normal metal creat-
ing a non-zero plus polarizat ion in the metal. This is
shown in Figure 4. This excess non-equilibrium polar-
ization in the normal metal will be associated with a
non-equilibrium magnet izat ion. The spin polarizat ion
will relax to itsequilibrium zero value in themetal expo-
nent ially with a relaxat ion t ime¿s. The spin relaxa-t ion
t ime is of the order of nanoseconds and is much larger
than the momentum relaxat ion t ime. Spin relaxat ion
occurs because of spin-orbit coupling, which produces a
spin-dependent potent ial.

The resultant momentum scattering becomesspin-depe-
ndent. If we cut o® the current °ow, the excess po-
larizat ion (and hence magnet izat ion) will decay. If we
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Optical spin

injection in a III-V

semiconductor is

possible.  The

behaviour of non-

equilibrium polariz-

ation is different for

a p-type and n-type

semiconductor.

Injected

polarization will be

small if the

resistance

mismatch between

the two materials is

large.

maintain thecurrent , a steady non-equilibrium polariza-
t ion will bebuilt up in themetal when therateof genera-
t ion of polarizat ion balances therateof decay. Thisnon-
equilibrium polarizat ion will decay as one moves away
from the junct ion into the interior of the normal metal.
The characteristic length L over which the decay occurs
is called thespin di®usion length. Polarizat ion inject ion
from a ferromagnet ic metal into a superconductor can
also be carried out with reasonable e± ciency by current
inject ion.

Injected polarizat ion will depend on the magnitudes of
the (i) resistance per unit area of the contact (r c), (ii)
the resistance per unit area of the ferromagnet ic metal
(rF) and (iii) the resistance per unit area of the normal
metal (rN). Even if r s = 0 (i.e. the contact is perfect)
the injected polarizat ion decreasesas the resistancemis-
match between rF and rN increases.

Creat ing a substant ial polarizat ion by current inject ion
from theferromagnet icmetal toa semiconductor ismore
di± cult. Even assuming an ohmic contact between a
ferromagnet ic metal and thesemiconductor, inject ion of
spin polarizat ion is severely limited by the resistance
mismatch between the ferromagnet ic metal and semi-
conductor. Using a magnet ic semiconductor as a spin
injector one can reduce this resist ivity mismatch and
obtain substant ial spin inject ion.

There is an opt ical method of spin inject ion in a direct
band gap semiconductor like GaAs. This depends on
opt ical pumping using circularly polarised light . The
mechanism is too complicated for discussion here. In
a p-type semiconductor, in which the majority carriers
are holes, the electron spin polarizat ion will decay not
only by spin relaxat ion but also by recombinat ion of
the electrons with holes. In such materials the steady
state spin polarizat ion Pn of the injected electrons is
smaller than the instantaneous polarizat ion Pn0 created
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Polarization can be

injected by

electron tunnelling

through an

insulating barrier in

a tunnel junction

between a ferro-

magnetic and

normal metal.

Figure 5. Tunnel Junction

with a  FM and a metal (N) or

a   superconductor (S).

by opt ical pumping.

Pn =
Pn0

(1 + ¿r=¿s)
; (2)

where¿r is the lifet imeof the electron for recombinat ion
with a hole and ¿s is the relaxat ion time for spins. ¿s is
of the order of nanoseconds varying from picoseconds to
microseconds. Since¿r is less than ¿s in p-type semicon-
ductors the steady state polarizat ion is only slight ly less
than Pn0, which has a value of 1/ 2 for GaAs. Also the
steady state polarizat ion is independent of the intensity
of the light .

If the spin polarizat ion is created opt ically in a n-doped
direct band gap semiconductor like GaAs, in which the
holes are minority carriers, the lifet ime for recombina-
t ion of the injected electron with a hole is very long and
plays no role in determining Pn. The valueof thesteady
state polarizat ion will vary as

Pn =
Pn0

[1+ (n0rG)ts]
; (3)

where n0 is the majority carrier concentrat ion in the n-
type semiconductor and rG is the rate of generat ion of
spin polarizat ion by photo-excitat ion. rG isproport ional
to the intensity of the light .

Onecan also usea tunnel junct ion to inject polarizat ion.
Such a junct ion is shown in Figure 5. On one side is a
ferromagnet ic metal in a thin ¯lm form. On the other
side isa thin ¯lm of a normal metal or a superconductor.
In between is a thin oxide layer.

When a DC voltage is applied across the junct ion elec-
t rons can tunnel through the barrier from the ferromag-
net ic metal to thenormal metal or vice-versa depending
on the direct ion of the applied voltage. In this way ex-
cess polarizat ion can be created in the normal metal
(or superconductor). It is assumed that the oxide layer
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Induced polarization

can be detected by

having a second soft

ferromagnetic metal in

contact with the

normal metal.   When

a non-equilibrium

polarization is induced

from the

ferromagnetic metal

FM1 into the normal

metal, a voltage or

current is seen in the

meter M.   The

reading on meter M

will change when the

magnetization in FM2

is reversed.

Figure 6. A normal metal is

sandwiched between two

ferromagnetic metals.  A

non-equilibrium polariza-

tion is induced into NM from

FM1 on the left. One will

measure  a  voltage  or

current  on  the  meter M

between NM and FM2 on

the right.

does not contain any magnet ic materials to cause spin-
° ip scat tering. One can use a ferromagnet ic semicon-
ductor on one side and a normal semiconductor on the
other side to create non-equilibrium polarizat ion in a
non-magnet ic semiconductor.

If thepolarisat ion in the ferromagnet ispart ial, then the
current will be carried both by up and down spins. The
contribut ion to thecurrent j will bedi®erent for the two
spins due to the di®erent number densit ies for the two
spin statesat theFermi level in the ferromagnet icmetal.
One can dē ne the polarizat ion of the current Pj by

Pj =
(j " ¡ j #)
(j " + j #) : (4)

In a tunnel junct ion one may use the conductance G "
and G #, for up and down spins respect ively, to dē ne a
polarizat ion

PG =
(G " ¡ G #)
(G " +G #) : (5)

It should be remembered that the value of polarizat ion
measured using di®erent quant it ies like j and G need
not be the same.

Det ect ion of Spin Polar isat ion

How do we detect the non-equilibrium spin polarisat ion
created? Weshall describe a simplemethod shown here
in Figure 6.

Spin polarizat ion is injected into the normal metal from
the ferromagnet ic metal FM1 on the left by current in-
ject ion. This produces excess electrons with spin up in
the normal metal. We have a second FM metal in con-
tact with thenormal metal. Itsmagnet ization isparallel
to the magnet izat ion of the spin injector ferromagnet.
By connect ing a voltmeter M between the normal metal
NM and the spin detector FM2, one can measure an
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Figure 7. Johnson and

Silsbee’s [1] arrangement

for measuring spin injec-

tion.

Johnson and Silsbee

demonstrated spin

injection from a Py

pad to Aluminium at

4 K using the arrange-

ment in Figure 7.

emf. Or by connect ing a low impedance Z between NM
and FM2 one can measure a current . The value of the
voltage (or current) measured in the secondary circuit
will depend on the orientat ion of the magnet izat ion in
the spin injector. For example one will measure a large
current when the two spin orientat ions are parallel and
a small current when they are ant iparallel. This dif-
ference in current can be used to quant ify the injected
polarizat ion and measure its decay t ime.

Johnson and Silsbee [1] ¯rst demonstrated spin injec-
t ion in 1985 from a ferromagnet ic metal into pure alu-
minium at 4 K. Their arrangement was the following.
On an aluminium wire permalloy (Py) pads were de-
posited. Permalloy has a high permeability. The spac-
ing between thepadswas50microns. When an inhomo-
geneous magnet ic ¯eld was applied parallel to the wire
(see Figure 7) the magnet izat ion in permalloy pads get
aligned in the direct ion of the ¯eld. By connect ing a
voltage source between the permalloy pad at x = 0 and
the adjacent aluminium wire, polarizat ion was induced
in the aluminium wire. By measuring the spin induced
voltage Vd between a permalloy pad at x > 0 and the
aluminium wire, one can measure the spin polarizat ion
and how it decays with distance. First the magnet ic
¯eld wasmade negat ive so that both permalloy pads at
x = 0 and x = x1 had the same orientat ion of magnet i-
zat ion. Vd had a certain value. Then themagnetic ¯eld
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Jedema et al.

developed a non-

local arrangement for

measuring spin

polarisation even at

room temperature

(Figure 8).

wasswept from negat ive to posit ivevalues. At a posit ive
¯eld B01 at x = 0 the magnet isat ion of the permalloy
pad at x = 0 was reversed while that at x = x1 was
unreversed. At this point thevoltagemeasured changed
sign. At a higher value B02 of the magnet ic ¯eld at
x = 0, the magnet izat ion of the second pad was also
reversesd. Themagnet izat ion of both the padswas now
parallel and the voltage went back to its original value
as shown in Figure 7.

Johnson et al. [2] later described a three terminal device
tomeasurespin inject ion at room temperature from FM
to normal metal and reported data which require nearly
100% spin polarisat ion to interpret them. These results
have been crit icised. It is di± cult to detect spin injec-
t ion unambiguously using this technique at room tem-
perature. Disturbing e®ectsarisefrom other spin related
phenomena such as spin dependent interface scattering,
anisotropic magneto-resistance and Hall e®ects.

Jedema, Filip and van Wees [3] used what they called as
anon-local arrangement tomeasurespin inject ion. They
deposited two Py ¯lms each 40 nm thick on a thermally
oxidized substrate. These strips had di®erent lengths
and widths so that the coercive ¯elds of the two Py
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In the case of polarizat ion inject ion by opt ical methods
one can use the intensity of luminiscence I + , with cir-
cular polarisat ion ¾+ and I ¡ with circular polarizat ion
¾¡ to dē ne a polarizat ion of spin inject ion

Popt =
(I + ¡ I ¡ )
(I + + I ¡ ) : (6)

Conclusion

In this part wehavedē ned spin polarizat ion in a ferro-
magnet ic metal and discussed methods of spin inject ion
either by using a resist ivecontact between the ferromag-
net ic metal and a normal metal, a semiconductor or a
superconductor, or by using a tunnel junct ion with an
insulat ing layer between a ferromagnet ic metal and a
normal (or superconduct ing) metal. In a direct band
gap semiconductor spin can also be injected by opt i-
cal pumping using circularly polarized light . Methods
for detect ing non-equilibrium spin polarizat ion are de-
scribed.

In the next part the principles of someproposed devices
will be discussed and the materials likely to be used in
such devices will be presented.

Figure 8. Arrangement of

Jedema et al [3] to mea-

sure spin injection at room

temperature.   Continuous

lines represent change in

resistance during an up-

ward ramp ofthe magnetic

field and dashed lines dur-

ing a downward ramp.
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