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Magnetic Materials
Interactions & Characteristic Length Scales
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Relevant Length Scales

New & Interesting
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Meaningful Interpretation

Review: KrishnanKM in “Magnetic storage systems beyond 2008To/ASI, G. Hadjipanayis ed., Kluwer 2001, pp 251-270




Transmission Electron Microscopy
Beam-specimen Interactions and Signals
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Lorentz Imaging
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Unsurpassed spatial resolution; Complementary probes - photons and electrons; Buried Interfaces

Varela et alPhys. Rev. Lett., 86, 5156 (2001); Grogger et appl. Phys. Lett., 80, 1165 (2002)Lebedev et alPhil Mag. A80, 673 (2000); Kusisnski et alpur. Appl. Phys. 87, 6376 (2000)

High Resolution Electron Microscopy
(Phase Contrast Imaging
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Electron Diffraction in a TEM

Scattering Geometries:
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High Resolution EELS Studies in a TEM

Element-specific spectroscopy and imaging at high spatial resolution

Element-resolved Spatially-resolved
local electronic structure measurements

ionization 650 700
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Diplole Selection RuleAl = + 1 apply

Fine structure in core-loss EELS

Core-level ionization principally
determined by a matrix element
<W;|exp @.r) | ¥ >
where
Y, is the initail core electron state
Y, is the final ionized electron state
g is the momentum transfer

EELS/XAS Edges (eV)

In EELS the scattering is forward peakedgiis small
and the main contribution to the scattering is the linear term

<Y lig.r W, >

Dipole selection rulesAl = + 1 apply




Electronic Structure of Sol-Gel derived LSMO - EELS Studies

Effect of divalent doping Controlled Oxidation by Annealing
1000, La,,Sr ,MnO, Sol-Gel film
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Energy-filtered Imaging in a TEM: Detection Limits

Spatially-resolved
measurements
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Phillips 200/FEG with Image Filter
Diplole Selection RuleAl = +1 apply

Fe /Cr Multilayers: GMR and Structure

40 »
36
m cpp

30 A cp
8 25
'3
= 20
[}

15

o M

A

Intensity (a.u.)

X-ray Scattering

Lithography Cr

Collaboration: I. Schuller group (UCSD)




Interface Roughness and GMR in Fe/Cr Multilayers

Roughness
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Definitions: Rough interface with various characteristic length scale

h(x)

O (%)

z(x)

E/I

Interface Profile h(x)
Average Value <h(x)>or h
Height Deviation z(x) = h(x) - h

Interface width +ms roughness
O(L) [x O—L(XO) >x

where the averaging is done ove
all points x within L and

o) = <[z(X) - Z(L)P>.
z (L) is z(x) averaged over L

Correlation length is extracted
by fitting

G(L) Dcsat[ 1- exp ('L/E”)]




Interface dominated GMR in Fe/Cr Multilayers

O Saturation resistivity arises from bulk
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Quantitative measurements of Cr Segregation

Magnetic & Recording
Characteristics

Cr% 16% 109

\

Co-Cr-Pt-X.

H. (Oe) 4790 4200
B S\R(dB) 16.6 12.4

10% 10% Mrt(memu/crﬁ) 0.47 0.69
70% 10% S* 0.94 0.93
64% 16%




Quantitative Measurement of Cr Segregation in Magnetic
Recording Media Using Energy-Filtering TEM

SMNR dSMNR Her S SFDr Ms
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Hysteresis loops (—) and DCD curves (—)

Magnetic data of two CoCrPtX alloys (Co-16Cr-10Pt-10X and Co-10Cr-10Pt-10X). Note the better
performance characteristics (e.g. SMNR) for the 16% Cr sample.
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120 T T T T T T T T T (R
elem prei[eV] pre2[eV] post[eV] slit[eV] exp[s]
h O-K 500 520 544 20 20
Cr-L 537 557 593 30 30
100 |- Co-L 721 761 797 30 30 -
80 |- -
- \ O-K Cr-Ly, .
€0 |- \/\
40 |-
) S22 HAIHB
o|o (&) o os||os || ©
0 ] . ] L ] . ] " ] .
400 500 600 700 800 900

Energy Loss (eV)

10



16% Cr sample

10% Cr sample

Scatter Diagram Analysis
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Quantitative Measurement of Cr Segregation in Magnetic Recording
Media Using Energy-Filtering TEM
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Grogger, Krishnan et al, Appl. Phys. Lett., 80, 1165 (2002)

Epitaxial c-axis oriented Co-Cr films on Si(111):
Temperature- & thickness-dependent spin reorientation transitions
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Magnetic Imaging in a TEM

Objective
Aperture
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Patterned Media

Features
Each bit is a single domain

In theory, stability (volume) scales as 1/N
Competitive at 10@bits/ir?, bit size ~ 75-100 nm

sosrure Conventional Lithography Very Expensive
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wl lon beam |SSU€S

lon-beam solid interaction
Details of magnetic reversal
Edge effects
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HREM
Park et al, JAP 87, 5687 (2000)|
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Surface, Interface and Thin Film Anisotropy

E,=Kgsifo K = -2TMH+ % K,
M

[111] Pt, Ag [001] Pt, Ag [110] Pt, Ag

* f R
=S

T 8 ideq)

Co

N ~ e :
B
GaAs (111) [ GaAs (001) l GaAs (001) X

Interface is key to understanding such anisotropy.

Hysteresis loops of the0«(3 A Co/10 A Pt)

multilayersirradiated with an increasing .
dose of 700KEV Nions lon Beam Patterning of
0.1 -
Dose [1014 N*/cm?] _ ‘ M U|t||aye rS
—0 P
—5
— 0.05 | —10
§’ —34
—_ 200
2 SEM image of the
s 0 mask with um
5 | || | S | holes
f Incfeasing Dosg {Increasing Dos
5
& -o0s ion irradiation through a stencil mas
I —— 700keV Nrions
-0.1 -
-12 -8 -4 0 4 8 12
Magnetic Field [kOe]
AS.GROWN T
STOPPED stencil mask
? ——
_

Weller, D. Baglin, J.E.EXellock, A.J., Hannibal, K.A., Toney, M.F., Magnetic U |: U |: U |: ‘U
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Co/Pt Multilayers

*Electron beam evaporated on SiN (windows)
200 A Pt/ 10*(3 A Co/ 10 A Pt)

*Columnar growth, (111) textured.

*Wide grain size distribution: 50 nm + 17

*Perpendicular Magnetic Anisotropy

=%
e 8
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" d(111) Co =2.047 A
Moire Fringes

Perpendicular H, = 5.3 kOe

Polar Kemr M/Ms

H [kOe]

Lorentz (Fresnel) Imaging in a TEM Under Applied Fields

Sample tilt = -15.8 Sample tilt = +15.8

Hg=1460 Oe ky=-413 Oe Hg=1460 Oe Hj=+413 Oe

Sample tilt = +2.52 Sample tilt = +3.8
Hp=1517 Oe H,= 67 Oe Hp=1515 Oe K, =93 Oe

Kusinski, Krishnan et al, App. Phys. Lett., 79,2211 (2001)
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Complementary magnetic imaging of patterned arrays with electrons and photons

Lorentz (Fresnel) Imaging in a TEM The XM-1 Soft X-ray Microscope (ALS)

Kusinski, Krishnan et al, App. Phys. Lett., 79,2211 (2001)
G. Kusinski, Ph.D. Thesis, UCB, Dec 2001

Xray Magnetic Circular Dichroism

Element Specific, Spin/Orbital Resolved Magnetic Measurements
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Magnetization Reversal Mechanism: Out of Plane
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Kusinski et al Appl. Phys. Lett., 79, 2211 (2001)

Next Generation Transmission Electron Microscopes
A Veritable “Synchrotron Beamline” with 1A resolution in your laboratory
Pre-specimen

Monochromator
AE ~ 50-100 mV

Radiation Brightness ElasticAbsorp.  Min.
(#/lcriistr) m.f.p(A) length (8) Probe (&)

Backscattered
electrons (SEM)

Secondary
electrons
(SEM)

X-rays

TEM
Specimen

7]
.
]
e
8%

Elastic scattering
Diffraction/Imaging

Annular
Detector
Z-Contrast

Inelastic scattering
EELS (spectrocopy & imaging)

M Fe Mn ML S™M
EELS

Unsurpassed spatial resolution

ntermag 2002
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