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Spintronics, Principles, Devices and Materials1. Principles
R Srinivasan

S p in tro n ic s is c re a tin g n e w e x c ite m e n t in th e sc i-
e n tī c w o rld . In P a rt 1 o f th is tw o -p a rt a rtic le ,
w e w ill d e a l in a n e le m e n ta ry fa sh io n w ith th e
p rin c ip le s o f sp in tro n ic s.
In tro d u c tio n
S p in tro n ics is th e b ran ch of scien ce d ealin g w ith th e ac-
tiv e m a n ip u lation o f sp in d egrees of freed o m in so lid
state m a terials. T h e scien ce h as a lo n g trad itio n startin g
w ith M ott's th eoretical w ork in 19 36 on sp in -p o larised
tran sp ort . B u t in terest in th is ¯ eld w as d o rm a n t till
th e w ork of th e g rou p s of A lb ert F ert in P aris a n d P e-
ter G rn b erg in J u lich . T h e ¯ eld h a s seen an ex p losive
grow th sin ce th e d iscovery of G ia n t M agn eto -R esistive
(G M R ) m aterials, a n d h as fou n d v ery su ccessfu l com -
m ercia l ap p lica tion s. In th is tw o p a rt a rticle a n elem en -
tary p resen tatio n o f th e su b ject is g iv en .
E le c tro n s in N o rm a l a n d F e rro m a g n e tic M e ta ls
E lectron s in m etals are free. T h ey o ccu p y a p artially
¯ lled con d u ctio n b an d . If w e ta ke a n o rm a l m etal (or
a m eta l in th e p a ram agn etic sta te) th e en erg y o f th e
electro n is in d ep en d en t of th e orien tation of its sp in .
C h o osin g a d irection of q u an tisation , a n electro n w ith
sp in an g u la r m o m en tu m p ro jectio n (1= 2)(h = 2 ¼ ) a lo n g
th is d irectio n h a s th e sa m e en ergy a s a n electro n w ith
sp in p ro jection ¡ (1 = 2 )(h = 2¼ ). If w e p lo t th e d en sity of
states in th e co n d u ction b an d of su ch a m eta l w e g et a
d iagra m as sh ow n in F igure 1 .
A t th e ab solu te zero of tem p eratu re, th e F erm i level at
en erg y " F rep resen ts th e h igh est o ccu p ied en ergy 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 th e con d u ction b an d . T h ere are eq u a l n u m b ers of
u p -sp in a n d d ow n -sp in electron s a s sh ow n b y th e eq u al
area of th e sh ad ed region s in F igure 1. T h e tota l sp in of
all th e electro n s is th erefore zero . E ach electro n ca rries
a m a gn etic m om en t ¹ B , w h ich is p o in tin g in a d irection
op p osite to th e sp in p ro jectio n . S o th e n et m a gn etic
m om en t o f th e m a terial is zero.
If th e m eta l is in th e ferro m a gn etic sta te, th e ex ch a n ge
in teractio n b etw een th e electron s low ers th e d ow n -sp in
en erg y relative to th e u p -sp in en ergy. T h e n u m b er d en -
sity o f states gets m o d ī ed a s sh ow n in F igure 2.
T h ere are m o re d ow n -sp in electro n s th a n u p -sp in elec-
tron s. W e n ow say th at th e m ateria l is p ola rized a n d
d e¯ n e th e p olarizatio n P n in term s of th e n u m b er d en -
sity n " an d n # of th e co n d u ctio n electron s in th e m etal
as

P n = (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.

F or a n o rm a l m etal, w h ich is p aram ag n etic, P n = 0. P n
can h av e a m ax im u m va lu e o f + 1 w h en n # = 0 a n d
a m in im u m valu e of ¡ 1 w h en n " is zero. T h e corre-
sp on d in g n u m b er d en sity of sta tes cu rv es are sh ow n in
F igures 3 (a,b ,c). W h en P n = § 1 w e say th e p olarization
is com p lete.
W h en P n is n o n -zero b u t d o es n ot h ave th e valu e + 1
or ¡ 1 , th e p olara ization is p a rtial. T h e p olariza tio n is
accom p an ied b y a sp on tan eo u s m ag n etizatio n .
In je c tio n o f S p in P o la riz a tio n
C reation of n on -eq u ilib riu m sp in p o la rization in a n u n -
p o la rized m a terial ca n b e d o n e in m an y w ay s. T h e sim -
p lest w ay is to ap p ly a tra n sien t m agn etic ¯ eld to a p ara -
m agn etic m eta l. S in ce th e p aram ag n etic su scep tib ility
of a m eta l is sm all, it req u ires a very h ig h m ag n etic ¯ eld
to create sizea b le sp in p olariza tio n .
A n oth er m eth o d is to in ject electro n s from a ferrom ag -
n etic m eta l in to a n orm al m etal b y a p p ly in g an electric
¯ eld . L et u s con sid er th e sim p le ca se w h ere th e ferro -
m agn etic m eta l h a s a p o la rization + 1. E lectrica l cu rren t
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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 ca rried o n ly b y electron s n ear th e F erm i level a n d
is p rop o rtio n al to th e n u m b er d en sity of states a t th e
F erm i level. W h en a n electric ¯ eld is a p p lied o n ly elec-
tron s w ith sp in u p from th e ferro m a gn etic h alf m etal
cross th e ju n ctio n an d en ter th e n orm al m eta l crea t-
in g a n on -zero p lu s p o larization in th e m etal. T h is is
sh ow n in F igure 4 . T h is ex cess n o n -eq u ilib riu m p o la r-
iza tion in th e n orm al m etal w ill b e a sso cia ted w ith a
n on -eq u ilib riu m m ag n etization . T h e sp in p olarization
w ill rela x to its eq u ilib riu m zero valu e in th e m eta l ex p o -
n en tially w ith a relax ation tim e ¿s. T h e sp in rela x a -tion
tim e is of th e ord er o f n a n osecon d s a n d is m u ch larger
th an th e m o m en tu m relax ation tim e. S p in rela x ation
o ccu rs b ecau se o f sp in -o rb it co u p lin g , w h ich p ro d u ces a
sp in -d ep en d en t p o ten tial.
T h e resu lta n t m om en tu m sca tterin g b ecom es sp in -d ep e-
n d en t. If w e cu t o® th e cu rren t ° ow , th e ex cess p o -
la rization (a n d h en ce m a gn etization ) w ill d ecay. If w e
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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.

m ain ta in th e cu rren t, a stea d y n on -eq u ilib riu m p olariza -
tio n w ill b e b u ilt u p in th e m eta lw h en th e ra te o f gen era -
tio n of p o la rization b a la n ces th e rate of d ecay. T h is n o n -
eq u ilib riu m p olariza tion w ill d ecay a s on e m ov es aw ay
from th e ju n ction in to th e in terior of th e n o rm a l m etal.
T h e ch aracteristic len g th L over w h ich th e d ecay o ccu rs
is ca lled th e sp in d i® u sion len g th . P o larization in jection
from a ferrom ag n etic m etal in to a su p ercon d u cto r can
also b e carried ou t w ith reason ab le e± cien cy b y cu rren t
in jectio n .
In jected p olariza tio n w ill d ep en d on th e m a gn itu d es of
th e (i) resistan ce p er u n it area of th e con tact (r c), (ii)
th e resista n ce p er u n it area o f th e ferrom ag n etic m etal
(r F ) a n d (iii) th e resistan ce p er u n it a rea o f th e n orm al
m eta l (r N ). E v en if r s = 0 (i.e. th e con tact is p erfect)
th e in jected p o la rization d ecrea ses as th e resistan ce m is-
m atch b etw een r F a n d r N in creases.
C reatin g a su b sta n tial p olariza tio n b y cu rren t in jection
from th e ferrom ag n etic m eta l to a sem icon d u cto r is m ore
d i± cu lt. E v en assu m in g a n oh m ic co n ta ct b etw een a
ferro m a gn etic m etal an d th e sem icon d u cto r, in jection of
sp in p olarization is sev erely lim ited b y th e resista n ce
m ism atch b etw een th e ferrom ag n etic m etal a n d sem i-
con d u ctor. U sin g a m ag n etic sem icon d u cto r as a sp in
in jector on e ca n red u ce th is resistiv ity m ism atch a n d
ob ta in su b sta n tial sp in in jection .
T h ere is an o p tical m eth o d o f sp in in jectio n in a d irect
b an d g ap sem icon d u cto r lik e G a A s. T h is d ep en d s on
op tical p u m p in g u sin g circu larly p o la rised lig h t. T h e
m ech an ism is to o co m p lica ted fo r d iscu ssion h ere. In
a p -ty p e sem ico n d u ctor, in w h ich th e m a jority ca rriers
are h o les, th e electro n sp in p olariza tio n w ill d ecay n ot
on ly b y sp in rela x a tio n b u t also b y recom b in a tio n of
th e electro n s w ith h oles. In su ch m a terials th e stead y
state sp in p o la rization P n of th e in jected electron s is
sm aller th an th e in stan tan eou s p olariza tio n P n 0 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).

b y op tica l p u m p in g.

P n = P n 0
(1 + ¿r= ¿s); (2)

w h ere ¿ r is th e lifetim e of th e electro n for reco m b in ation
w ith a h o le a n d ¿s is th e relax ation tim e for sp in s. ¿s is
of th e o rd er of n a n osecon d s vary in g from p icosecon d s to
m icrosecon d s. S in ce ¿r is less th an ¿ s in p -ty p e sem ico n -
d u ctors th e stead y state p olarizatio n is o n ly slig h tly less
th an P n 0 , w h ich h a s a va lu e o f 1 /2 fo r G aA s. A lso th e
stead y state p o la rization is in d ep en d en t of th e in ten sity
of th e ligh t.
If th e sp in p olarizatio n is created op tica lly in a n -d o p ed
d irect b an d ga p sem ico n d u ctor like G a A s, in w h ich th e
h oles are m in ority ca rriers, th e lifetim e for recom b in a -
tio n o f th e in jected electron w ith a h o le is very lo n g a n d
p lay s n o role in d eterm in in g P n . T h e valu e of th e stead y
state p olariza tio n w ill va ry as

P n = P n 0
[1 + (n 0 r G )ts]; (3)

w h ere n 0 is th e m a jo rity ca rrier con cen tra tio n in th e n -
ty p e sem icon d u ctor an d r G is th e rate o f g en eration of
sp in p olarizatio n b y p h oto -ex citation . r G is p rop ortion al
to th e in ten sity of th e ligh t.
O n e ca n also u se a tu n n el ju n ction to in ject p ola rization .
S u ch a ju n ctio n is sh ow n in F igure 5 . O n o n e sid e is a
ferro m a gn etic m eta l in a th in ¯ lm form . O n th e oth er
sid e is a th in ¯ lm of a n orm al m eta l o r a su p ercon d u ctor.
In b etw een is a th in ox id e layer.
W h en a D C vo lta ge is ap p lied a cro ss th e ju n ction elec-
tron s ca n tu n n el th rou g h th e b arrier fro m th e ferrom ag -
n etic m etal to th e n orm al m etal o r v ice-v ersa d ep en d in g
on th e d irection o f th e ap p lied v oltage. In th is w ay ex -
cess p o larization can b e crea ted in th e n orm al m etal
(or su p erco n d u cto r). It is assu m ed th at th e ox id e 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.

d o es n ot con tain a n y m ag n etic m a terials to ca u se sp in -
° ip scatterin g . O n e can u se a ferrom agn etic sem ico n -
d u ctor on on e sid e an d a n o rm a l sem icon d u ctor on th e
oth er sid e to create n on -eq u ilib riu m p olariza tio n in a
n on -m a gn etic sem ico n d u cto r.
If th e p o larisa tio n in th e ferrom ag n et is p artial, th en th e
cu rren t w ill b e carried b oth b y u p an d d ow n sp in s. T h e
con trib u tion to th e cu rren t j w ill b e d i® eren t for th e tw o
sp in s d u e to th e d i® eren t n u m b er d en sities for th e tw o
sp in sta tes at th e F erm i level in th e ferro m a gn etic m etal.
O n e can d e¯ n e th e p olariza tion of th e cu rren t P j b y

P j = (j " ¡ j # )
(j " + j # ) : (4)

In a tu n n el ju n ctio n on e m ay u se th e con d u cta n ce G "
an d G # , fo r u p an d d ow n sp in s resp ectiv ely, to d e¯ n e a
p o la rization

P G = (G " ¡ G # )
(G " + G # ) : (5)

It sh ou ld b e rem em b ered th a t th e valu e o f p olarization
m ea su red u sin g d i® eren t q u an tities like j an d G n eed
n ot b e th e sa m e.
D e te c tio n o f S p in P o la risa tio n
H ow d o w e d etect th e n o n -eq u ilib riu m sp in p ola risation
crea ted ? W e sh a ll d escrib e a sim p le m eth o d sh ow n h ere
in F igure 6.
S p in p olariza tion is in jected in to th e n orm al m etal from
th e ferrom ag n etic m etal F M 1 on th e left b y cu rren t in -
jection . T h is p ro d u ces ex cess electro n s w ith sp in u p in
th e n orm al m etal. W e h ave a secon d F M m etal in co n -
tact w ith th e n o rm a l m etal. Its m a gn etiza tion is p ara llel
to th e m ag n etization of th e sp in in jecto r ferrom ag n et.
B y con n ectin g a v oltm eter M b etw een th e n orm al m etal
N M an d th e sp in d etector F M 2, on e can m ea su re 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.

em f. O r b y con n ectin g a low im p ed an ce Z b etw een N M
an d F M 2 on e ca n m ea su re a cu rren t. T h e valu e of th e
vo lta ge (or cu rren t) m ea su red in th e secon d a ry circu it
w ill d ep en d on th e o rien tation o f th e m a gn etization in
th e sp in in jector. F o r ex am p le o n e w ill m easu re a large
cu rren t w h en th e tw o sp in orien tation s are p arallel a n d
a sm all cu rren t w h en th ey are an tip ara llel. T h is d if-
feren ce in cu rren t can b e u sed to q u a n tify th e in jected
p o la rization an d m easu re its d ecay tim e.
J oh n son a n d S ilsb ee [1] ¯ rst d em on stra ted sp in in jec-
tio n in 1 98 5 fro m a ferro m a gn etic m etal in to p u re alu -
m in iu m a t 4 K . T h eir arra n gem en t w as th e follow in g.
O n an alu m in iu m w ire p erm alloy (P y ) p ad s w ere d e-
p o sited . P erm alloy h a s a h ig h p erm ea b ility. T h e sp ac-
in g b etw een th e p ad s w a s 50 m icron s. W h en a n in h o m o -
gen eou s m a gn etic ¯ eld w a s ap p lied p a rallel to th e w ire
(see F igure 7) th e m a gn etization in p erm a lloy p ad s get
alig n ed in th e d irection of th e ¯ eld . B y con n ectin g a
vo lta ge sou rce b etw een th e p erm a lloy p ad a t x = 0 a n d
th e ad jacen t a lu m in iu m w ire, p ola rization w a s in d u ced
in th e alu m in iu m w ire. B y m easu rin g th e sp in in d u ced
vo lta ge V d b etw een a p erm alloy p ad at x > 0 a n d th e
alu m in iu m w ire, on e can m ea su re th e sp in p olarization
an d h ow it d ecay s w ith d istan ce. F irst th e m a gn etic
¯ eld w as m ad e n eg ative so th at b o th p erm a lloy p a d s at
x = 0 an d x = x 1 h a d th e sam e orien ta tio n o f m agn eti-
zatio n . V d h a d a certain valu e. T h en th e m ag n etic ¯ eld
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Jedema et al.

developed a non-

local arrangement for

measuring spin

polarisation even at

room temperature

(Figure 8).

w as sw ep t from n eg ative to p o sitive valu es. A t a p o sitive
¯ eld B 0 1 at x = 0 th e m a gn etisa tio n of th e p erm alloy
p ad at x = 0 w a s reversed w h ile th at at x = x 1 w a s
u n reversed . A t th is p oin t th e vo lta ge m easu red ch a n ged
sign . A t a h igh er va lu e B 0 2 of th e m a gn etic ¯ eld at
x = 0 , th e m ag n etizatio n of th e seco n d p ad w as a lso
reversesd . T h e m ag n etiza tion o f b oth th e p a d s w a s n ow
p ara llel a n d th e vo lta ge w en t b a ck to its o rig in a l va lu e
as sh ow n in F igure 7.
J oh n son et al. [2 ] later d escrib ed a th ree term in al d ev ice
to m easu re sp in in jectio n at ro om tem p era tu re fro m F M
to n orm al m etal an d rep orted d a ta w h ich req u ire n ea rly
10 0% sp in p o la risa tio n to in terp ret th em . T h ese resu lts
h ave b een criticised . It is d i± cu lt to d etect sp in in jec-
tio n u n am b ig u ou sly u sin g th is tech n iq u e a t ro o m tem -
p eratu re. D istu rb in g e® ects arise from o th er sp in related
p h en om en a su ch as sp in d ep en d en t in terfa ce sca tterin g,
an iso tro p ic m ag n eto-resistan ce an d H a ll e® ects.
J ed em a, F ilip an d van W ees [3 ] u sed w h a t th ey called a s
a n o n -lo cal arra n gem en t to m easu re sp in in jectio n . T h ey
d ep o sited tw o P y ¯ lm s each 40 n m th ick on a th erm ally
ox id ized su b strate. T h ese strip s h a d d i® eren t len g th s
an d w id th s so th at th e co ercive ¯ eld s of th e tw o P y
¯ lm s w ere d i® eren t. O n th ese p erm a lloy p ad s a co p p er
cross w as d ep osited b y e-gu n evap ora tio n at 10-8 m b ar
p ressu re. P rio r to d ep osition th e ox id e layer on th e P y
¯ lm s w ere rem oved b y ion m illin g to en su re tra n sp a ren t
con tacts. T h is is sh ow n in F igure 8 .
W h en th e m ag n etic ¯ eld w as ram p ed u p th e tw o P y
p ad s ¯ rst get op p ositely m ag n etized d u e to th e d i® er-
en ce in th eir co erciv e ¯ eld s an d th en th e vo lta ge m ea -
su red on th e v oltm eter rises to a h igh va lu e in d icatin g a
h igh resistan ce. A s th e ¯ eld is in creased fu rth er th e tw o
p erm alloy p ad s get m a gn etized in th e sam e d irection
an d th e resista n ce fa lls.
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In th e case o f p o la rization in jection b y op tica l m eth o d s
on e can u se th e in ten sity of lu m in iscen ce I + , w ith cir-
cu la r p olarisation ¾ + an d I¡ w ith circu lar p olarization
¾ ¡ to d e¯ n e a p olariza tio n of sp in in jectio n

P o p t = (I + ¡ I ¡)
(I + + I¡ ): (6)

C o n c lu sio n
In th is p a rt w e h av e d e¯ n ed sp in p olariza tion in a ferro -
m agn etic m etal an d d iscu ssed m eth o d s of sp in in jection
eith er b y u sin g a resistiv e con tact b etw een th e ferrom ag -
n etic m etal an d a n orm al m eta l, a sem icon d u ctor or a
su p ercon d u cto r, or b y u sin g a tu n n el ju n ction w ith an
in su la tin g lay er b etw een a ferro m a gn etic m eta l an d a
n orm al (or su p ercon d u ctin g) m etal. In a d irect b a n d
ga p sem ico n d u cto r sp in can also b e in jected b y op ti-
cal p u m p in g u sin g circu larly p olarized ligh t. M eth o d s
for d etectin g n o n -eq u ilib riu m sp in p olarizatio n are d e-
scrib ed .
In th e n ex t p a rt th e p rin cip les o f som e p rop osed d ev ices
w ill b e d iscu ssed an d th e m ateria ls likely to b e u sed in
su ch d ev ices w ill b e p resen ted .

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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