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|- Introduction to Tunnel Effect
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Tunnéd Effect has a Quantum Mechanics Origin

A classical electron with energy E<E, cannot enter the barrier zone
However a quantum electron obeys the Schrodinger equation !
(1D model)
h° d?
2mdx?

W) +V Q@) = E)

UNIVERSITE

Oks g Spin Tunnel Course Brasov sept. 2003 Laurent Ranno (Lab. Louis Néel) *lﬁlﬁm%ﬁﬁ



Off the barrier

Plane waves
‘¢’> — ei(kr—cut)
Inthe barrier —

Evanescent waves

‘¢I>b — eqr—icut

2mE

hZ

and k=%

he d

Ww)=(E-E)y) and E-E,<O

2m dx?

2mAE
hZ

and g==
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ssssssssssss

AE =1eV

m= free dectron= 1 =0.2nm

g

Tunnel barriers must be very thin insulating layers

Width=w <10 nm
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For a more general barrier shape

V(X) W

h° d?
om dx?

L) = RV~ D) = )

W) +V (Q¢) = E)

X

ijk(u)du
W. K. B. Approximation {/(X) =e °
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What is neglected ?  fle(u)du
Y(x)=e°

d‘” 2= k(w9

ddt,i(x) dk(x) SO £k d:,a(x)

=+ 3K w<x)+k2<x)w<x)

K(X) = \/ izT (V (X) — E) The barrier potentia should vary smoothly
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We are dealing with transport. What about the current ?

To pass a current,
we must apply a bias voltage across the barrier.

\

the barrier has atransmission coefficient T
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Simmons
The probability to find the electron (energy E) on the other side of
the barrier is:

2j\/Zm(V(u) E) qu

P(E) =(y|y)=y "

Electrons coming from the |eft to the right

dN = [V,n(V,)P(E,)dV,dt
0)

dN 4m1

- j P(E, )dE, j f (E)dE,
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No bias voltage

Current 1= 2=Current 2—1

(V=0)=0
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Bias voltage eV<<E,

_ ,dN; dN, 4em1 _
J=¢ - dt) jP(E )dE, j[f(E) f (E +eV)]dE,

V' amsfE
Simmons (1963) has calculated approximate recipes J=3.16 10101/ EO E e V&

‘ Linear J(V) at low bias
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Bias voltage 0<eV<E,

m— J=a(V+AV°)

dJ
Simmons’ parabolic fit v a(1+36V7)

[3 contains the barrier height and the barrier width
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Why o2 2
Y v

From the experimental point of view :

Using avoltage source: V (t) =V, +vcos(at) V<<V,

I(V) = 30V, +voos(a) = I(Vp) + Voos(et) (Vo)

Measuring the w component of the signal with alock-in amplifier
gives directly the differential conductance
Filter all the constant voltage and non-w noise
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Reduced effectivew

Bias voltage eV>E,

Jincreases rapidly but in fact such abias voltage
corresponds to the electrical breakdown regime
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|-V non linear curves (ferromagneti ¢/insul ator/ferromagnetic)

courbe l(V)a2K et 52K

T
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No temperature dependence of tunnel effect (12 order)

Thése E. Favre-Nicolin (Grenoble 2003)
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l1-Magnetic Tunnel Effect
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In 1972 Gittleman et al. measured the resistance and MR of Ni grainsin a SO, matrix
Longitudinal MR is <0 contrary to the sign of the bulk Ni AMR p, > p ..

Rj’, >FQ+>
M ] M J
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FIG. 5. Transverse magnetoresistance vs applied o 20 401'{ s 60 B8O 100
magnetic field for 50 vol% Ni.
Gittleman et al. Phys. Rev. 5 (1972) 3609 FIG. 10. Longitudinal magnetoresistance vs T
(H = 4000 Oe),
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Gittleman et a. 1972 :

than the total resistivity of nickel. Accordingly we
conclude that the electronic tunneling probability

t and p, are magnetic-field dependent. Such a fielc
dependence of the tunneling probability can arise
from the fact that as an electron tunnels into a
neighboring grainits spin must be rotated whenever

the moments of the grains are not aligned. This

a(T,H)=0,(T) +01(T)< mlmﬁzlﬁz>
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Volume 544, pumiber 3 PHYSICE LETTERE $ September 1975

TUNNELING BETWEEN FERROMAGNETIC FILMS

- M. JULLIERE
fgritnt National dex Sciences Appligudes. 503 Rennes Cadex, France

Feteived 15 Tune 1975

Fo{ic-Co junctions condugance G0V is vudied when mean magnetizatons of the two fermmmagoetic film are pu-
ralbet or-anliperallel. Conductanee messureoent, in thess owe cuses, # related o the spin poladzations of the cenduc
tion electrans

Development of film deposition techniques
Trilayer : better characterisation of electrodes and control of magnetisation

R changes by 14% at low temperature depending on the magnetic configuration

<) Co
Ge (10-15nm) +dry oxygen

= Fe
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And also Miyazaki, Tezuka IMMM 139 (1995) L231

Yks

VOLUME 74, NUMBER 16

PHYSICAL REVIEW LETTERS

1995

|7 APRIL

CENTRE NATIONAL
DE LA RECHERCHE
SCIENTIFIQUE

Large Magnetoresistance at Room Temperature in Ferromagnetic Thin Film Tunnel Junctions

1. 8. Moodera, Lisa R. Kinder, Terrilyn M. Wong, and R. Meservey

Francis Bitter National Magnet Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts (02139

0 = ———
Co FILM
_o2s) W
=050 P
e .
o.l2r =
CoFe FILM
— 0.06r -
38
- (o] =1
1 = - /1
n:| e
< ~ 100F =
75k CoFe/A505/Co |
. JUNCTION
50F 7
2.5 o —
- —
0 1 1 1 1 1 1 1
-600 -400 -200 0 200 400 600
H (Qe)

FIG. 2. Resistance of CoFe/Al,03/Co junction plotted as a
function of H in the film plane, at 295 K. Also shown is
the variation in the CoFe and Co film resistance. The arrows
indicate the direction of M in the two films (see text).

Top FM

Tunnel barrier
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Substrate

200um x 300 pm

11.8% at 300 K
24% at 24 K

@=1.9 eV and t=1.6 nm
V £30,=200mV
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Magnetic Tunnel Junction
200A Pt

80ACo  Ferro (free)

_ ; Al-O  |nsulator

«— 80APY Ferro (pinned)

“i 100A MnFe
40A Py

IBM 1997 | \ 200A Pt

Si
Same technical solutions as GMR structuresto get 2 different coercive fields
I.e. well defined parallel and antiparallel states.
Hard - Soft materials (Co - NiFe)
Different shape anisotropies for both electrodes
Pinning to AF layer (MnFe) or Artificial AF layer (Co/Ru/Co)
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Julliere’s model (1975)

Not magnetisation o = N (Be) N, (E)
BUT Polarisation of electrodes isthe parameter N (E-)+N, (Ep)

_N@+R)  =N@A=F)
it 2 5 2
Assume : No spin-flip transition across the barrier at low voltage
mm) 2 parallel channels (spin up and spin down)
Conductance Is the sum of spin up and down conductances
Conductance Is proportional to the density of state (d.o.s.) 1 and d.o.s. 2

C;spini = C;ONspini electrodel (EF ) |\Ispini electrodeZ(EF)

G, =G,N, (E-)N, (E.)+G,N, (E-)N, (E;)
G, =G,N, (E-)N, (E.)+G,N, (E-)N, (E;)
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Julliere’s modd
(M. Julliére, Phys. Lett. 54 A, 225 (1975))

TMRratio:
GH +GTT =G,N;N,
Gm _Gu = GONlT N,F, _GoNu N,P, =G;N;FEN,F,

GTT_GH :P1P2 or GTT_GH _ 2PlP2
G” +G” GTT 1+RF
(pick your definition) R -R, _ -2PP,
R, 1-RF,
Does depend on P,

Does not depend on the barrier (height, width)
because of assumption about G,

l.e. NO @i N d@endence of transmission
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. Exp: TMR=14%
Fela-Ge/Co (Julliere) Theor : P 34% +P. A44%
TMR 26%

(b) T=42K 69.1% at 4.2 K
TMR = 69.1 %
Rs = 4481 Qum”

From Julliere’s formula

TMR (%)
()
LI L I LI I L) I L L

20 | I?CoFeZSO'?%
similar to expected
-E:GOOI | .—2000 0 2000 4000

H (Oe)

CoFe TMR junction (Tohoku 2000)
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Slonczewski ’s model (1989)

Ferromagnetic el ectrodes Barrier in the mode

K

F1

K

FL

m

2m

Solve Schrodinger for both channels, cal culate conductances

‘ P_qz_kFTkFl Ke, —Ke,

q° + Ke Ke, Ke, Tk
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_ qz_kFTkFl Ke, —Ke, q:i\/zng
q2+kFTkFl kFT +kFl f
2 — —
High barrier P = 9 DkFT kFl — kFT kFl
q2 kFT +kFl kFT +kFl

Free electrons DOS(E) = il \N2mE = Mk [1k

h°n’ hen’

P — NT(EF)_Nl(EF)
N (Ef)+N, (E)

Back to Julliere’s formula
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|mproved models:

Bratkovsky :
Correction to Slonczewski’s model (different effective massin the barrier’

P:qz_mf[kmkm kFT_kFl q:i\/ZmoAE
q2+m§[kmkm kFT +kF¢
m,/m=0.4 for Fe/Al,O;

ADb initio band structure calculations :
to get the band structure close to the interface
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I11-Bias and Temp Dependence
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75 T T T T T

~8— TMR = 100{ R,z - Rx ) Re

TMR (%)

TMR temperature dependence

—8— Antiparallel

120 - Parallel

Resistance Temperature dependence

l | ] | |

0 60 10 150 200 250
T (K)

Miyazaki group (Tohoku) APL 2000

300
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Temperature dependence of resistance
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Temperature dependence of the barrier transmission
Going from 0 Kelvin to 300 Kelvin

Wavevector in the barrier (evanescent wave) g =

Conductance

Transmission=T [l e

AE

2MAE

Transmissi on

—2qwW
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CENTRE NATIONAL
DE LA RECHERCHE
SCIENTIFIQUE

- [ 2MAE
AE q— hz
Transmission=T [ e
dT dAE
= d(-2aw) = -2wLdg = —w
- (—2qw) q q =

o —1
g=1A ,w=1nm,
AE = 2eV,dAE = kT =25meV
AT _AG LR

=—=12.5%
T G R
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Temperature dependence of TMR
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Different contributions may rule this behaviour :
Polarisation is related to magnetisation

M (T) =M (T)A-aT™)
P(T) =P(T)(1-aT>?)

| nelastic processes can appear

e’ = e +magnon Opens a spin-flip conductance channel
conductance increases

1 !
2 wEghoN=& TMR decreases

Surface magnetisation is less robust to thermal fluctuations

No general results, depends on the studied system (T, surface state ...)
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Voltage dependence of TMR
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& Gw) f5g

-0,z

/‘m\ TMRe,,=3mV

4 -2 0 2 4 Yimvl

50% MR at 3mV

Julliére, Phys. Lett. 1975
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%‘ 08l 4

& 06 | |

S l | TMR - bias voltage dependence
z : 50% decrease TMR for 400mV
E 0. -=- As!deposited 9

-©- After annealed

o
(=}
T

-
o
1

o
©

o

R - bias voltage dependence

R(VYR(1 mV )
o
=~J

o
o

-8-(P), -l-{ASE'} As deposited
—6—(P), —8—(AP) After annealed

0.4 1 i 1
-1.0 -0.5 0.0 05 1.0

V(V)
Miyazaki group (Tohoku) APL 2000

o
3]
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At large bias voltages, hot electrons are introduced in
the second electrode : 0.1 V = 1200 Kelvin

Inelastic processes can be activated

1 I
€ =€ +magnon Opens a spin-flip conductance channel

e' + magnon = € TMR decreases with V

The voltage decrease depends on experimental systems and years

1975 : TMRgp0,=2 mV
1995 : TMRg,,=200 mV
2000 : TMRgy,,=450 mV
2003 : TMR¢,>1000 mV

May be due to non perfect samples, which improve with time
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50 | o WO (b) |
| 1 2 o8}
~ 4 L
S 30} 1B os}
=N o Ny
< 20} 15 04l 7~ -
=3 PET [summen| |
| o 02} | —— Sample B 1
0 Z |
L L 1 L i £ 0‘0 L ; 1 . 1 N " . o
1000 -500 0 500 100 -800 400 0 400 300
Applied field (Oe) Bias voltage (mV)

Epitaxial NiFe electrode : 50 % decrease of TMR at 750 mV

Yueta. APL 2003
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Tunnel junction with « perfect barrier » : STM with ferromagnetic

el ectrodes In vacuum

Magnetic amorphous tip

—

Cobalt (0001)

| (a) | (b) '
10 1,opw%obaa@%ﬁ#@gémmbgﬁcﬁnnaﬁwm % {1 50
2 Tn g
0 5 | ! ? ; 125 w0
& ¢
5
¢ = 77— 0.0
-10 05 00 05 10 050 025 900 025 0.50
Sample bias (V)

FIG. 1. Tunnel magnetoresistance 0 and its error of a clean
Co(0001) surface vs bias voltage U, obtained with a magnetic
tip stabilized at 1 V, 1 nA (a) and at 100 mV, 1 nA (b).

Ding et a. (M.P.l. Halle) PRL 2003

V oltage dependence of TMR not related to magnon excitations or
surface magnetisation but more likely to defects in the barrier
to be confirmed ...

UNIVERSITE

CENTRE NATIONAL . . s F
Ok Spin Tunnel Course Brasov sept. 2003 Laurent Ranno (Lab. Louis Néel) *lgﬁ%ﬁ?ﬂ?ﬁ



A few words about

The insulating barrier
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Making the barrier
Good recipe #1

Aluminium Film (0.7-2 nm)
+ thermal oxidation in oxygen atmosphere or air

Good recipe #2

Aluminium Film + oxygen plasma

Bad recipe #1

Deposition of Alumina (Al,O;) produces aless dense barrier
with poor electrical properties
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e 20%
" en ek )
n-® M I el 16%
. ,' . = %
12%
& - - 3
48s
~ 100 nm "
108 >
i
AN
0° b 8
E 3 .i\i\"
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E 1o i;\
;I'u \D
mf'E \Q
10 -— Devices with Co free layer \ 100 |J.m
TD' RETTI PRRTT L83z i idaii MR T L
112 o’ 19" 10" 107 10*

Junction Area (pm?)

Gallagher et al. JAP 1997

Constant thickness barrier

RDi

S

5 orders of magnitude
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The barrier should be uniform
- flat
- 0 roughness
- fully oxidised, homogeneously
- no oxidation of the ferromagnetic metals

AEIectricaI E

1 Volt acrossal nm barrier isE =1 GigaV/m

Thisisthe order of magnitude of the electrical field
necessary to ionise an atom

A 0.1 nm fluctuation means 100 mV decrease of the breakdown voltage
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Formation enthalpy AH (298K)
kJ/mol metallic atom

TazoO5 -1023 HfO2 -1144

Nb205 -949 ZrO2 -1100 _ )
ceO2 -108s  Al-Obondisstronger than

Y203 -952 Tio2 -944  3dmeta -Obonds
Gd203 -909 SiO2  -910
Nd20O3 -903 NbO2 -796  Better oxidesexist: HfO, , Rare earth-O
La2O3 -896 CrO2 -598 |
Al203 -837 MnPO2 -520 Byt
VAR —E0e kinetics : (Al passivated « automatically »
Cr203 -570 MgO -601 1 nm thick)
Ga2O3 -544 NbO -405 ’
Mn203 -479 MnO -385 .
Fe2O3 -412 ZrO _350 local state : (amorphous, nanocrystal lised,
FeO -272 crystallised) when RT deposition
Mn304 -462 NiO -238
Fe304 -372 CoO -237
Co304 -297 CuO -157
SiO -99
Ga2O -178
Cu20O -84
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Crystallised barrier Amorphous barrier

P

FIG. 3. High-resolution, cross-sectional electron micrograph of a

Smith et a. J AP,83 ’ 5154 (1998) [ 50 nm Co/10 nm HfO,/50 nm Fe] junction showing abrupt, smooth inter-

faces and amorphous oxide structure.
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Role of annealing atunnel junction

NiFe(100 A)/CoFe(20 A)/ALO,/CoFe(40 A)/MnRh(170 A)

Appl. Phys. Lett., Vol. 73, No. 22, 30 November 1998
Sousa et al. (Lisbon)

40 LI RS B R T BEL LR
: ---0-—-0—--55-_-_%:-.- Annealed @ 230“‘0 ]
35 :ﬂ—m.,:a;-.&i;-% Io--o- P Area: 5x15 um® g

Resistance: 524 O
Max. TMR: 38.7%

2

20
S F / i
- r As-deposited Ya
15 I Area: 5%15 um”
[ Resistance: 410 Q
10 EMax. TMR: 22.7%

5 5 ;
<]

0;1||J|||||||ll%mw

-100 -50 0 50 100
H [Oe]

FIG. 1. Tunneling magnetoresistance vs field for an as-deposited spin tunnel
junction, and for the same junction after consecutive anneals up to 230 °C.
In the inset, the four-probe measuring scheme is illustrated using an optical
microscope picture of the junction.

Barrier (Simmons’ fit)

after anned :
thickness :0.87 to 0.77 nm wide
barrier height :1.8 eV to 2.5 eV
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RBS measurement of Al and O distributions

3000 f ~ 3
L Aluminum As-depasited
2500 F = = = Annealed @ 150°C 7
;: S00G ====== Annealed @ 200G}
=, E
5 1500}
@ :
> 1000 F
2 soof
of i O from the CoFe electrodes
WY Liisassuss Lissizisa Fiasatiors T FrerTe P (P Farasansey [T PP
330 340 950 360 870 380 890 400 410 420 goes back to Al 203
Ot s B s e S S—
2000 = Z ]
t o '
[ Cixygen ]
— 1500 | .
.:E 3 4
& g
T 4000 b Asymmetry in ]
£ O, distribution ]
& 2
= i
2 soof
0 el e
PP ey PR, i F O Ry Liadaaiais ]
180 200 210 22 230 240 250

Channel Number
FIG. 5. Gaussian curve fits to the aluminum (a) and oxygen (b) peaks
obtained by Rutherford backscattering analysis, for as-deposited junctions,
and for junctions annealed at 150 and 200 °C.

Sousa et al. APL 98
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Best present TMR junctions : 50% Room temperature
(non exotic materials)

e fsai gii};ﬁt&j Voe=1.00mV | Ta (5 nm)/
_wf Rememel ook | NiEe (3nm)l
c 20 Cu (20 nm)/
Ty N|79F921(3 nm)/ Pinned layer
Y IT5,M ng(10nm)/
s0l- - CoFe(4nm)/
O B et o 41 Al (0.8 nm)-oxide/
F g MEmRTR . Co,Fe,.(4 nm)/
% 20 ~ N|79F621(20 nm)/ ] ez Iayer
10 u\— Ta (5nm)
o
-1000 -500 i {%E} 500 1000

Miyazaki group (Tohoku) APL 2000
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1V -Spin polarisation
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We have been using values for P.

P — NT(EF)_Nl(EF)

Where do they come from ? =
N, (E) +N, (E)

How to measure them ?
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Density of States ~ Band structure calculations (spin resolved)

Ll
Of=== e —
S S N
5 5 N
% - 2 3L
& 5 /
6
9  bee Fe ” 8 fce Ni-
T H N T P r X W L T K
[000] [100] [110] [000] [111] [000]  [100][210] [111] [000] [110]

Moroni et al. PRB56 (1997)15629

UNIVERSITE

ke Spin Tunnel Course Brasov sept. 2003 Laurent Ranno (Lab. Louis Néd) *Jgggrgggggggg



onpeca 40,007
— MAJORITY SPIN F.E. "I? MINORITY SPIN
- = 35.00f FE.
5 & |
g S
5an.uu- E 30.00F
n s
o =
= L]
= 25.00} W 25.00
bt o
i u
jF )
=~ 20.00} w <20.00p
* =
k b
= 15.00} . 15.00}
w | - 3
|I (=]

5 >

10.00} F  10.00f
'3_"__ w
@ 5
5 s5.00} o  5.00f
a | S =
010 000 0I6 020 030 040 050 060 070 08B0 030  _ojo 006 010 020 030 040 050 060 070 0.60 050 100

ENERGY (Ry) ENERGY (Ry)

Nickel integrated density of states
Polarisation at Fermi level should be NEGATIVE
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Be careful (M. B. Stearns IMMM,5 ,167 (1977)) . h°

Bands do not have the same effective mass at E.

Electrons at Fermi levd have different mobilities

d-like electrons are more localised (narrow bands)
s-like electrons are less localised (wide bands)
and more mobile

UNIVERSITE
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Be careful (M. B. Stearns IMMM,5 ,167 (1977)) . h°
Bands do not have the same effective mass at E. 0°E

Electrons at Fermi level have different mobilities
d-like electrons are more localised (narrow bands)

s-like electrons are less localised (wide bands)
and more mobile

Ferromagnetism comes from the 3d bands but transport comes from
s-electrons. s electrons are not supposed to be polarised !

Difficult to predict the polarisation of conduction €l ectrons

UNIVERSITE
|JOSEPH FOURIER
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When it is difficult to predict, let us measure !

Ferromagnetic / insulating / superconducting junctions
M. I. T. speciality (Tedrow/Meservey)

J0 OI\I\/I\ZNl(E)NZ(E)[f(E)— f (E+eV)]dE
M|* 02

N(E) non magnetic metal
N (E) U constant
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N(E) in a superconductor N(E)

N(E) = 0if |E| <A J ¥

E .
N(E) = If |[E|>A ; a
B)=———fE | »
A A E

f(E)

- E

Er

f(E+eV) -

f(E)-f(E+eV)

00 > E
JO [N(E)N,(E)[f(E)~ f(E +eV)]dE
EEERIEEE———————————————————————————
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J [ o]Nmetal (E)Ngee (E) T(E) - T (E+eV)]dE

A

J

20

4]

v
<

Ale
dJ ¢ oL )

dVv )

VimV)

FIG. 6. dI /dV vs V for an Al/a-Ge/Al junction at 1.2 K, when the thin

aluminum is superconducting. The superconducting energy gap is clearly

visible. The large near-parabolic background is the resuit of the small effec-

> tive barrier height. The small peak at zero voltage is characteristic of tunnel-
V ing between identical superconductors at finite temperature.

d1/dv (102 q”)
5

Ale
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"V
If amagnetic field is applied E(B)=E(B=0)+ 1B

If 50% electrons spin up, 50% e ectrons spin down

d
aJ dv
av , )
> V > V
UB/e<+—

If not 50%-50% ....
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Fig. 1 Measured conductance vs voltage of an
Al-Al>03~Ni tunnel junction for several

values of the magnetic field H (kOe).
M.I.T group JAP 1979
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Meservey et al; JA.P. 50 (1979)
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Andreev reflexion : metal / superconductor clean interface

Andreeyv
reflected
hole
Metal (P=0) Superconductor

Soulen et al. J.A.P. 85 (1999)
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dl/dV 1(V)
-_2.0

15\\/ﬁr. T

"0/(A)D

f T Nb gap T i
4....l..--l....l..a..l...........l.a..-..-.----J—t***"“‘ 0.0

V(mV)

Norma metal : 1 eectron arrives, 2 e ectrons enter
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C; E

No state
available

¥ No Andreev
reflection

N (E) N,(E) N(E)
Metal (P=100%) Superconductor

UNIVERSITE

ke Spin Tunnel Course Brasov sept. 2003 Laurent Ranno (Lab. Louis Néd) *Jgggrgggggggg



2.0
-'-l
11.5
Q
1.0 3
|
l10.5
40.0

V (mV)

No conductance at small bias
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But it only works at 1 Kelvin'! Soulen et al. 1999
Andreev Reflexion does not givethe sign of P
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To analyse the conduction e ectrons : spin resolved photoemission

uv Energy+spin analysis
Photon hv Photoemitted el ectron

Materia Surface (UHV conditions)

Photon penetration length = 0.5 nm
Very clean surface, UHV prepared surface
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Spin-resolved photoemission

Example : Epitaxial Feon Ag

SPIN - RESOLVED

O, ] ] 1 I s
4 3 2 | 0

ENERGY BELOW E, (eV)

Jonker et al. PRL57 (1986)
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Photoemission signal

Spin Tunnel Course Brasov sept. 2003 Laurent Ranno (Lab. Louis Nédl) *

L&y, 3MNO; film

%+ Majority Spin
%~ Minority Spin

aaaaaaa

3 2 1 FE
Binding Energy (eV)

Park et al. PRL 81 (1998)

Photon hv = 40eV
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Polarisation at OK for Ni, Co and Fe is known
|ts temperature dependence is still unclear
Surface polarisation still a mystery

(enough to keep you busy after Brasov school)

What about the other magnetic metals ?

UNIVERSITE

Oks g Spin Tunnel Course Brasov sept. 2003 Laurent Ranno (Lab. Louis Néel) *lﬁlﬁm%ﬁﬁ



V-Half Metallic Ferromagnets
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D(E) = -

m—> AST > ASL

Ferromagnetic band structure
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Half metallic ferromagnets

A e

ey

g T No s-band at Fermi leve
L arge band splitting

- p D(E)

mm) Fully spin polarised conduction band
mm) Gap = not usual metals = less metallic than metals
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Predicted HMF
1984 : ab initio calculcations (De Groot €t al.)
NiIMnSb (T =720 K), PtMnSb (T =575 K)

CrO,

magnetic semiconductors ?
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Compound Curie temperature Magnetisation y,M. | Crystallographic structure
Lay7SrosMnO; 350 K 0.74T 3.7 yg/Mn Perovskite

NiMnSb 728 K 0.89T 4 pug/Mn Semi Heusler

CrO, 396 K 0.81T 2 ug/Cr Rutile

Fe;O, 860 K 0.63T 4 pg/F.U. Inverse Spinel

PtMnSb 572 K 09T 4pg/Mn Semi Heusler
Sro,FeM00g 415 K 0.73T 4 pg/F.U. Double perovskite

Spin Tunnel Course Brasov sept. 2003 Laurent Ranno (Lab. Louis Néd!) SR OURIER



Predicted Half metallic character of La,,Sry;MnO;

Zero K
picture

E[eV]

Spin-polarized band structure of La,,Sr,,MnO,. The majority bands are shown as
solid lines, and the minority as dashed lines

Livesay et al. J. Phys.: Condens. Matter 11 (1999) L279-L285
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E
(i) Spin waves
/ E=Dg?

Stoner
continuum

____—V o q}

Electronic excitationsinaHMF
Stll exist at T>0
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HMF are avery interesting class of materials

Useful to study HMF state

Arethey realy 100% polarised ?
UptoT.?
|s the surface polarised ?

Useful to study other materials

Source of d-like electrons
Highly spin polarised source
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DeTeresaet al. PRL 82(1999)

Cobalt : positive P (previous studies)
LaSrMnO : positive P (no down bands)

and negative TMR !

d e ectrons tunnd
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Conclusions::
Tunnd isold but TMR is quite arecent field
Spin-dependent transport properties are not fully understood

HMF is still amystery

A lot of material science is necessary to control the structures
Only afew materials and structures have been controled

Bringing together magnetism and electronicsis a fruitful playground ...
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|mproved structures : resonant junctions
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Al-O
4 Cu(001)
lvo Sturm Co(001)
Manouk Rijpstra
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F1G. 2. Transpert studiés for o Fe(001 MO 20 A(001 ) FeCoi(01) unnel
junetion of diameter 10 gm: {a) resistance vs temperature at ¥ = 10mV and
H o= 3000 Og; {b) resistance and TMR vs magnetic field at = 10 mV and

T=30K.
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Bowen et al. APL 2001

Epitaxial junctions
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