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Fabrication and analysis of magnetic nanostructures

E
BEN il ENEE L

BIEAPR] SRS GMR & [ERL[E TMR
= &9 FUBSEER Spin transistor
RiE & e & @%‘%‘FE,EI% Spin-valve transistor
N ;El?% Dilute magnetic semiconductors

Hi (= Pt M4k BF Magnetization reversal by
spin-polarized current




“’ljl\iﬁi - %1 JEI %lz LY 4 % %: VEI

Elements with erromagnetlc properties
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3d transition metals:

Mn atom has 5 d T electrons
TS O T magnetic.

X R X

3d electron distribution in real space

Co atom has 5 d Telectrons and 2 d 4 electrons
Bulk Co Is magnetic.




Stoner criterion for ferromagnetism:
| N(Er) > 1, | is the Stoner exchange parameter and N(Er)

IS the densitx of states at the Fermi energy.
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For the non-magnetic state there are
identical density of states for the two

Schematic plot for the energy band structure of 3d trg§
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For a ferromagnetic state, Nt >N | .
The polarization is indicated by the
thick blue arrow.
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Spin-dependent conduction in Ferromagnetic
metals (Two-current model)
First suggested by Mott (1936)

e

Experimentally confirmed by
I. A. Campbell and A. Fert (~1970)

At low temperature

At high temperature
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Spin mixing effect equalizes two currents W
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= Anisotropic Magnetoresistance

= GMR Giant Magnetoresistance

= CMR Colossal Magnetoresistance
= Tunneling Magnetoresistance

= Ballistic Magnetoresistance
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Schematic illustration of GMR
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“short circuit effect” of one spin channel results in
small resistance in parallel configuration
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Electron potential landscape in a F/N multilayer

Bulk scattering Interface scatlering
potentials potentials

Spin + channel
in the parallel
configuration

Spin — channel
in the parallel
configuration

Spin + or spin
channel in the
antiparallel

configuration

Intrinsic potential +
Scattering potentials due to
 Impurities

 VVacancies

e Lattice mismatches

«Can we distinguish the interface
effect from the bulk effect?




Transport geometry
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CIP geometry CPP geometry
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Spin accumulation at the interface is important
Spin diffusion length, instead of mean free pg#f
IS the dominant physical length scale




Magnetic coupling in multilayers

L_ong-range incommensurate magnetic order in a Dy-Y multilayer
M. B. Salamon, Shantanu Sinha, J. J. Rhyne, J. E. Cunningham, Ross W. Erwin,

e Borchers, and €. P FIyhn, Phys. Rev. Lett. 56, 259 - 262 (1986)

*Observation of a Magnetic Antiphase Domain Structure with Long-
Range Order in a Synthetic Gd-Y Superlattice

C. F. Majkrzak, J. W. Cable, J. Kwo, M. Hong, D. B. McWhan, Y. Yafet, and J. V.
Waszczak,C. Vettier, Phys. Rev. Lett. 56, 2700 - 2703 (1986)

|_ayered Magnetic Structures: Evidence for Antiferromagnetic

Coupling of Fe Layers across Cr Interlayers
P. Griunberg, R. Schreiber, Y. Pang, M. B. Brodsky, and H. Sowers, Phys. Rev. Lett.
57, 2442 - 2445 (1986)

2 mm

J— Coupling in Wedge-shaped
e Fe/Cr/Fe

Fe Whisker Substrate

lllllllllllllﬁilllﬁlﬁél FelnglFe
L Fe/Ag/Fe

J. Unguris, R. J. Celotta, an

U ly

T, Plerce__

B,

"\

'?.~ X

W L7
N P
Hrgee LA

|‘| | M
IH\'" ‘u " du‘.Jn,-L‘»U-
.....

(T
| Ili‘;,|\~”“‘-‘~‘f«-'-,,._«,__ RHEED

o
4] 20 40 (2]
Au Thickness (ML)




I LB

NiFe/Ru
300 K

—

o

™
L
o
4

N
=

-E

Y-
=
o
%
“
3
=
o]
n

._._'.:
1
40

Ru spacer layer thickness (A)

Fig. 2.58. Dependence of saturation field on Ru spacer layer thickness for several series of
Nig, Fe,o/Ru multilayers with structure, 100 A Ru/[30 A Nig, Fe,o/Ru(tg,)]50, Where the topmost
Ru layer thickness is adjusted to be ~25 A for all samples




Fig. 2.11. Fermi surface of Cu in

the (100) plane in the extended
zone scheme. Arrows indicate
values of 2(kg — G) for reciprocal
lattice vectors G which can give rise
to oscillations with periods greater
than nt/kg
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Fe Whisker

Fig. 2.41. A schematic expanded view of the sample structure showing the Fe(00 1) single-crystal
whisker substrate, the evaporated Cr wedge, and the Fe overlayer. The arrows in the Fe show the
magnetization direction in each domain. The z-scale is expanded approximately 5000 times. (From
[2.206])
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Fig. 2.43. SEMPA image of the magnetization M, (axes as in Fig. 2.41) showing domains in (a) the
clean Fe whisker, (b) the Fe layer covering the Cr spacer layer evaporated at 30°C, and (c) the Fe
layer covering a Cr spacer evaporated on the Fe whisker held at 350°C. The scale at the bottom
shows the increase in the thickness of the Cr wedge in (b) and (c). The arrows at the top of (¢) indicate
the Cr thicknesses where there are phase slips. The region of the whisker imaged is about 0.5 mm
long

Fig. 2.44. The effect of roughness on the inertlayer exchange coupling is shown by a comparison of
(a) the oscillations of the RHEED intensity along the bare Cr wedge with (b) the SEMPA
magnetization image over the same part of the wedge




Aliasing
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Fig. 2.10. RKKY-like oscillating exchange
coupling with period A (solid line) showing
the longer period oscillation (dashed line)
obtained by sampling the function only at
integral values of the spacing, a, between
atomic planes, i.e. “aliasing”. From [2.21]
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(A) Doping phase diagram for Laz-
2xSri+2xMn20y7 |, extracted from Ling et
al. (2). (B) Resistivity versus
temperature curves for
La:2Sri.sMn20Oy7 at various magnetic
fields, after Moritomo et al. Nature
380, 141 (1996)
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M easurable field (KO )

Magnetic field sensors
107 10 10® 10 10F
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flux-gate

optical purmging

nuclear precession
fiber-optic

Hall-effect

rmaghetodiode

rragnet otransistor

9. ragheto-optic

10. pick-up coil

1. {giart) magnetoresistance
12. spin valve transitor

A large variety of magnetic field sensor principles is available.
Of major interest is the recently discovered spin valve effect,
appearing in an increasing number of varieties. High densit

ALE;
recording is a major application of the spin-valve effect.
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M. Johnson, PRL 70, 2142 (1993)

(a) Pedagogical model of three
terminal device. Arrows in F, and F,
refer to magnetization orientation as
determined by majority spin subband.
(b) Diagrams of the densities of state,
N(E), of the ferromagnet paramagnet
ferromagnet system depicted in (a). (c)
The geometry used to measure Vg, P
Is depicted transparent.
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FIG, 1. Schematic drawing of Johnson’s spin switch deviea. The
viollage measurad as shown depends on the relative orienfation of
the magnetizations in & and F .
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electrons

collector
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Monsma et al, PRL 74, 5260 (1995)

Schematic cross-section of the spin-
valve transistor. A Co/Cu/CO
sandwich base is sputtered on a silicon
substrate. Vacuum bonding is done
while sputtering the Pt layer.

The picture shows the band-structure
of the spin-valve transistor
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A scanning electron microscope photo of
several vacuum bonded and fully processed
Si-Co-Cu-Co-Pt-Si spin-valve transistors.

Collector current variation versus magnet
field at a emitter current of 25mA,
temperature 100, 200 and 300K, range
from -240 to 240 kA/m. The inset on the
left-hand side accentuates the small field
behavior from -24 to 24kA/m




A) GMR Isolator Element
M ti
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Active Circuitry
B) GMR Isolator
Driver Chip Receiver Chip

C) 1TIMTJ MRAM Cell (Motorola)
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Device applications. (B) courtesy of NVE; (D)

courtesy of Motorola
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( non-equilibriunt
magnetization ) From Roukes et al, Caltech

« Major advantage to using InAs instead of
GaAs is that unalloyed metal contacts can
be made directly to InAs.




Vertical spin transistors are fabricated by
sandwiching a metallic "spin valve" base
between a gallium arsenide emitter and a
silicon collector. These stacks are created by
wafer bonding in ultrahigh vacuum, while
the metallic base layers are built up by thin-
film techniques. IMEC researchers have also
experimented with alternative fabrication
routes, such as growing epitaxial magnetic
semiconductor structures by depositing
semiconductors and magnetic metals in a
molecular beam epitaxy system.

Another device investigated by SPIDER is
the lateral spin transistor — a magnetic
version of a field-effect transistor. This
device is fabricated by placing two magnetic
contacts, the source and drain, on a
semiconductor channel. A spin-polarized
current flows between the source and drain,
and the drain current can be modulated by
changing the magnetlzatl o e
source and drain electrodgs. * &




Y. Ohno et al, Nature 402, 790 (1999) Electrical spin injection in an epitaxially
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grown ferromagnetic semiconductor
heterostructure, based on GaAs. a,
Spontaneous magnitization develops below the
Curie temperature T in the ferromagnetic p-
type semiconductor (Ga,Mn)As, depicted by
the black arrows in the green layer. Under
forward bias, spin-polarized holes from
(Ga,Mn)As and unpolarized electrons from the
n-type GaAs substrate are injected into the
(In,Ga)As quantum well (QW, hatched region),
through a spacer layer with thickness d,
producing polarized EL. b, Total
electroluminescence (EL) intensity of the
device (d = 20 nm) under forward bias at
temperature T = 6 K and magnetic field H =
1,000 Oe is shown (black curve) with its
corresponding polarization (red curve).
Current | = 1.43 mA. Note that the polarization
is largest at the QW ground state (E = 1.34 eV).
The EL and polarization are plotted on semi-
log and linear scales, respectively. Inset, a
current-voltage plot characteristic of a

spacer layer device..




Three types of semiconductors: (A) a magnetic semiconductor, in which a
periodic array of magnetic element is present; (B) a diluted magnetic
semiconductor, an alloy between nonmagnetic semiconductor and magnetic
element; and (C) a nonmagnetic semiconductor, which contains no magnetic ions.
(From Ohno, Science 281, 951 (1998).)
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Schematic phase diagram showing the relation between growth parameters
(substrate temperature and Mn concentration) and the properties of (Ga,Mn)As
grown by molecular beam epitaxy. The high concentration of Mn in excess of its
solubility limit was introduced by nonequilibrium growth at low teryg
(From Ohno, Science 281, 951 (1998).)




Normalized ferromagnetic temperature (K)
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Normalized ferromagnetic temperature T."" as a function of hole concentration.
Inset shows an example of the cross section of the Fermi volume of holes in a
ferromagnetic zinc-blende semiconductor: Nonzero magnetization leads to a
splitting of the valence band into four subbands. This complex valence-band
structure was used to determine the mean-field values of T"°" for p-

Ga, gsMn, ,AS and p-Zn, o:Mn, s Te (solid lines) and to establish ti

trends. (From Dietl et al, Science 287, 1019 (2000).)
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Curie temperature (K)

p (cm™)

Curie temperature T in Zn, . Mn,Te:N for various Mn contents x and hole
concentrations p deduced from the Hall resistance at 300 K. The plane with

upper crosses corresponds to T = 0. Experimental values are marked by blue
spheres (22) and theoretical predictions by the red mesh and attached yellow
spheres. T is determined by a competition between the hole-induced
ferromagnetic interactions (characterized by T "°") and the antifeg@yagnetic -~ .-

: Froqué

Dietl et al, Science 287, 1019 (2000).)
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Computed values of the Curie temperature T for various p-type
semiconductors containing 5% of Mn and 3.5 x 10?0 holes peen




BACKGROUND
A. Giant Magnetoresistance (Disc. 1988)
Change Magnetic Order — Change Resistance (or Current)
o [ Rt AP
F— .
y — N\_r_
. AP =
G

-H

Read Heads; Sensors; MRAM (Tunneling)

B. Current-Driven Switching =’Inverse’ Effect. (Pred. 1996)

F First F Polarizes J. Polarized J exerts Torque
N on second F. +J_ Flips to AP; -J. Flips to P.
F
Write in MRAM? Write on MR
J

Q: Physics; Minimize J,



o Current-driven magnetization reversal

INITIAL THEORY

1996-1998: Berger and Slonczewski predict
High-Current-Density-Induced:

In-\Wave Generation, and

(b) Magnetization Reversal

Spin-polarized Current

PHYSICS

Magnetization

Polarized Current Exerts
Torque on F2 when F2 Moment
Is not Parallel or Anti-Parallel
to Polarization.

F1 F2

FIRST EXPERIMENTS
1998 (PRL), 2000 (Nature): MSU + Grenoble
Coherent Spin-Wave Generation?.
1999-2002 (PRL & Science): Cornell.
Layer Magnetization Reversal.




Vvsl,R=V/lvsl,and dV/dl vs I (+ small ac current).

A Hysteretic = Non-Reversible

/ Vi1

dVv/di

B: Non-Hysteretic = Reversible
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