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Periodic pinning by arrays of
nanostructured magnetic dots

SURPRISING AND INTERESTING
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Scientists from the RAND Corporation bave created this model to sllustrate bow a*bome computer™ coald look [ike in the
year 2004, Flowever the needed tecbnoloys will met be economicalls feasible for the average bome. Also the scientists readily
admir that the compurer will require mot yet izvented technology ro acrually work, bur jo sears from sow sciznrific progress is
expecied 10 solve these problems. With ieletype inserface and tbe Forrran language, the computer will be easy ro use.
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TRANSPORT PROPERTIES OF THE COMPOSITIONALLY MODULATED ALLOY Cu/Ni*

Ivan Schuller, Charles M. Faleco
Argonne Natlional Laboratory, Argonne, Illinois 60439

J. Hilliard, J. Ketterson, B. Thaler
Northwestern University, Evanston, Illinois 60201

R+ Lacoe, B. Dee
University of California, Loa Angeles, California 90024

ABSTRACT

We report preliminary transport measurements; electrical
resistivity, thermopower, Hall effect and magnetoresistance, of
a number of Cu/Ni composition modulated alloy films over the
temperature range 10-300°K and for magnetic field up to 70 kGauss.

The results indicate non-monctonic dependence of the transport
properties on the modulation amplitude. The Hall coefficient
saturates around 40 kGauss in contrast to the transversé magneto-
resistance which does not show evidence for saturation up to 70
kGauaa .

INTRODUCTION

Recently there has been extensive interest in the properties
of Composition Modulated Alloysl (CMA). This has been motivated by
elastic constant measurements which show an anomalous enhancement
of the blaxial modulus as a function of modulation wavelength
3 for a number of CMA“s. Recent ferromagnetic resonance
experiments indicate that the magnetization of Ni in the Cu/Ni
CMA 18 larger below 200°K than the zero temperature magnetization
of pure Ni. It was suggested that these results could be an
indication of large changes in the band structure of CMAs as a
function of wavelength and composition amplitude (A7). Motivated
by these results we undertook preliminary transport merasurements
on the Cu/Ni CMA to study the effect of composition modulation
on the electronic properties of such systems.

The resistivity and thermopower messurements were performed
over the temperature range 10-300°K using a closed cycle refrigera=-
tor system. The magnetic transport measurements were performed
in liquid helium at 4.2°K using a superconducting magnet.

All of the samples were cut from a master CMA, annealed if
necesgary, x-rayed and attached to the sample holders using GE
7031 varnish to improve thermal contact. Some of the samples
were also x-rayed after the measurements were performed to assure

*Work performed under the auspices of U.S.D.0.E., the Northwestern
Materials Research Center under NSF Grant [MR-76-80847-801, and
by NSF Grant DMR 78-12000, University of California.

1SSN:0094-243%/79/530417-05%1.50 Copyright 1979 American Institute of Physics
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resistance 18 quadratic 0.2 = 1 T [ I B
at low fields and then
linear up to 70 kG.
On the other hand the Hall ooz o
coefficient (Figure 5) of
all three samples 1s _ ool |- ¢ o
typical of that observed : °
in pure nickel,3s3,6,7 o nQEE g g9 O ©
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Glant Magnetoresistance of (001) Fe/ (001} Cr Magnetic Superlattices

M. M. BliH:b;mJ.H'_Bmlu\,.ﬂ_Fﬂ'l_F_ MNpuyen Yen Daw, and F. Petrofl
Laboratelrs i PRy1igus ded Salides, Usloeraind Parli-Sad, F-P140F Oriay, Fréace

P. Eilenne, G. Creoze?, A. Frisderich, and J. Charelas
Laborasolre Cratral de Recherehes, Thoousa CSF, BF. 10, F-PI140] Orray, Franoe
Angent FREE)
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W have sivdeed the magnetoceaimiaroe of (DOLIF/I001MCr superlutticnn prepared by maloculars

Beam £pi
winh Fep=F

rwen P layers througs OF layess.
FACS pembon: TASA R, 1L 1304, 7010 Ca

There is e considerabile imterest ia the study aff mul-
lilayeri composed ol ic and noamagneiic metals
apd gresi edvasces bave Bsen chisined fm ihe wnder-
sianding of thelr mugnetic propeniics.’™ Receatly the
tranipart peoperiics of magactic mulilayers and ihin
filres have been izvestigated and have sevealed inferests
ing properiies resulting feom ihe inberplay between clos-
1zea tranigont and magectic Behavior. ™" In this Letter
wp  prosemdl  magestoresistance | measurements  oa
(001 )Fef(001}Cr superlaitices prepared by melecular-
beam epitaxy (MBE), [n superistiizes with thin Cr lay-
«rt, the magnsloresistance is very large (x reductlon of
the resistivity by a factor of abowl 2 is chierved in some
samples), This giant magestoresistancs raise exciling
questions asd meneover is promising far applications.

The (001)Fef(001)Cr bee superfattices Bave been
grown by MBE on (001) GaAs substrates usder the fole
hewing coaditions: The residesl preisare of the MBE
chamber was 5x00~ 11 Toer, the substrats temperature
was generally aroand 30°C, the depapitioa rale wid
skout 0.5 Afs for Fe asd 1 A for Cr. This deposition
fate waid cblaired by wic of specially designed evapora-
tion cxlly in which a crecible of molybdenum s hested
by electron bombardment. The individusl luyer shick-
sesses raspe From 9 to 90 A snd the 1otal nember of bi-
layers is generally ancend 30, The growth of the saper-
lattices and ibeir characterization by meflection high-
energy eleciroa diffraciion, Auger-clectron ipectransagy,
w-iay dilfraciion, 86d ptasning1rasimission-electron mi-
erosoopy have ben described eliewhere ¥ Mote that the
Cr (Fe) Auger line dissppears dusing 1he growih of a Fe
(Cr) layer., Thid, a2 well a3 (he main leatures of the
icanning-lrisimidiian-clectron-m Cross  Lec-
tisas, rules oul @ deep intermixing of Fe and Cr.% Hew.
ever, 1he Auger elfect, which averages the conceairaiiom
cver m depth of abowt 12 A, cannot probe 1he interface
romghneid a0 the stamie wcabe, Surfpee extended x-ray-
abgerplian Bnc-tnstiune capefiments have boen started
o probs Shit roughnets more progisely.

A hups magnesorciiatance & Foeund in waperiaitions with thin Cr layer: Foo cxample,
i T=d.1 K, ibe resistivity i lowered by abno o fecses of 3 in 0 magactic Seld ol 2 T.
W' ascribe this gisc! magnoioresiviesse fo ipin-dependeni irsasmicbon of 1he coaducilon

elicizoes e

The magnetic propertics of the Fe/Cr seperlastices
have been Inverigaied by magoetization and torgoe mea-
suremente.” The mageetization ks in the plase of the
layers a=d an antiferromagaeiiz (AF) coupling betwoen
the pdjacent Fe layess b found wibea the Cr thickness fe,
is emalier than sbout 30 A% A sigesture of this AF in-
terlayer coupling is shewn in Fig. 1@ As the Cr thickness
decreasss below 30 A, the bystercsis loop is ively
tilied, For cxample, with fer=% A, o Sl Mr=2 T is
noeded to overcome the antiferromagn tle coupliag and
1o saturate the msgneiicstica st about the bulk Fe value.
When 1he applicd Geld is decreased 1o zero, the AF cou-
pling brings the magnelization back lo ahout zero. As
can be secn from the varistion of the bow-Beld alopes in
Fig. 1. the AF couplisg slecply increases when ro, de-
ercases from 30 1o 9 A, The existence of such AF cous
plisgi has already been foued in Fe/Cr sandwiches by
the Bghi-gcaticsieg and magncto-cplical mearercmients

FEG. |, Hyteresis loops at 4.1 K with an spplied Geld aloag
[110] G abe layer plune for several (001 ) FeNO01MCr superlat:
tiens: [0Fe 60 AXNCr 60 A2y, [0Fe 30 AW0CE 30 A1), [(Fe
30 AWICy 18 A)]ao, [0Fe 30 AVACr 12 Al [0Fe 30 ARACs
# A1, where the pukocripls indicats the ber of bilayers in
each pample. The sumber beidfe eadk durve depeeseali Be
Ahighnes of vhe Cr lagees.

2472 © 1988 The American Physicz] Seciely
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Introduction- Preparation
Superconductivity

New Functionalities- Confinement X
Proximity Effect

Induced Phenomena
Summary- Unexpected and Interesting
Future- Nano+Proximity+Induced
Interesting questions
Relevance to other fields
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SHOULD BE
* Interesting Physics
* Interesting Materials or Devices

SHOULD NOT BE
* Applications
* Big Machine

Moy Soratis?



Physics Driving Force

BIRY DER

f
Sur aCes ]_ NANO, Nano, nano,

* Quantization

« Extension of ¥ Proximity
 Extension of M

RIA 1’4 m(} i gn'j | ]\Tﬁ@d Ga
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Shadow Mask

Alumina Mask

Mask Application

Deposition

Chang®eng Li

Xavier Batlle

Liftoff
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NANO-FABRICATION




Anodized alumina

.-1-1-11111-111-
LSS H
7% %% e
%% % :
0% %%

L = ] =
2?a% =
P S e B S [

o
7% %% %%
0¥2%e% 2% % 0%
P %% e
see0neledelelel
e e

e2a% %%
2¥0%0%:%0% %%

020%0% %% "%
«?e%

L
ol
p¥e%a%
8 ettty

Tum

0%e%%
0%0%% %% %%
-“i“n"iuiui“iﬂu
pRgBa Bt t 0 0,0
...H,.._l .-.l....._l_-

- - -

.__..-_.__ : ’ " ___._._s_“_...u..._..
]u.t%ﬁ.”ﬂfﬂ.ﬁﬂ}-“wl;"_....ﬂq e
N T
A L K
N A AR o e+

Macroscopic area
Appl. Phys. Lett. 71,

H. Masuda et al.,
2770 (1997).

NOT PERFECT

Diblock copolymer

E-beam

B Ry

s .

L - S s e
*. L a T -
e
s

wa B

B e .
T A L
..-.-.-._I..I. w{.-lﬂ“l ..l .-..ltl. % _.l__.. 1

& E - ..._. -_1-. ___.....-. 1 o

...E..-.I.l -I.. -.1'.“. .

- _—-_. -_-..r .-.-j.-.

Ll

Te
Tl v h

0 Y

Lo T -
R T

Q

— um

Macroscopic area

Small area:

100pum x 100um

M.Park, C.Harrison, P.Chaikin,
R.A.Register, D.H.Adamson,

Science 276, 1401 (1997)



e Confinement

* Proximity Effect

e External Stimulii
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PROXIMITY EFFECT

“Nanostructures are always in
contact with something “

‘Modify the properties of the
SOMETHING

‘Modify the properties of the
NANOSTRUCTURE

20



Nano History

Nano Magnetic-Superconductors

* Proximity Effect-1D (Tedrow-Meservey-1968)
Tunneling Spin Glasses-1976
* Superlattices-1D
Critical Fields N1/V-1981
1D-2D Transitions Nb/Cu-1984

* Nanostructures-2D (Martinoli-1974,
Moshchalkov-Bruynseraede-1992)

Pinning with Nanomagnets-1997

21




Magnetic field H

Magnetic Phase Diagram
Type 11 Superconductor

HCZ -

AAAAAA

46

Temperature T



Vortex Density Abrik
rikosov
Vortex-vorte ‘
I B ey X Lattice

X —— Interaction

Dissipative
transport

G000 A
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H.F. Hess et al. PRL (1989)



Pinning

-dV/dx=F,
F <Fp (J<J,)

: B
VO NN p=0

Intrinsic

Artificial
Size?

C, A

10-100 nm

A. Volodin et al., EPL 2002



Resistance

Magnetic Field (G)




| wonder what happens if the
pinning sites

Piero Martinoli-1974
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By BARNABY J. FEDER

SCHENECTADY, N.Y. — In a one-
time printing plant on the edge of this
tattered manufacturing city, a small
company named Superpower churns
out sample after sample of what
looks like shiny metal tape.

The tape has five layers. The mid-
dle one, a ceramic film one-tenth as
thick as a human hair, exhibits one of
nature’s most tantalizing tricks. At
very low temperatures, the ceramic
abruptly loses all resistance to elec-
trical current.

That free-flowing current gener-
ates a strong magnetic field, a fea-
ture that Superpower technicians
demonstrate by showing visitors how
a thumbnail-size magnet floats half
an inch or so above a ribbon of
chilled tape.

Superconductivity, as the phenom-
enon is known, has fascinated and
baffled scientists since its discovery
in 1911. Even now, they have yet to
develop a comprehensive theory to
explain its appearance in materials
as diverse as metal and ceramics.

Such scientific conundrums are of
only passing interest at Superpower,
a four-year-old subsidiary of Inter-
magnetics General, and at other
companies like it. After years of
false starts and setbacks, these com-
panies say they are closing in on the
goal of producing relatively inexpen-
sive superconducting wire for power
generators, transformers and trans-
mission lines.

Success requires making yard af-
ter yard of wire, and eventually mile
after mile. The focus at the compa-
nies, at national laboratories and at
many universities is on questions
that call for a genius more like Edi-
son than Einstein.

“We are finding out what works
and going with that,” said Dr. Jodi L.
Reeves, a senior materials scientist
at Superpower.

Success could spring superconduc-

PP s mamdant minkao that it

THE NEW YORK TIMES, TUESDAY, APRIL 27, 2004

High-Speed Tape? Try This

Several companies are trying to cul the costs of making

superconducting
Here is one appreack

PRESENT

VERSION MNow
used in commercial
products and prototype
electrical applications,

Sourpe: Amarican Supercanducior Corp.

low zero Fahrenheit. To reach that
point, they have to be cooled by liquid
helium, which is expensive to make
and manage.

By contrast, ceramic supercon-
ductors work at temperatures above
minus 321 Fahrenheit, allowing them
to be cooled by liquid nitrogen, an
inexpensive industrial refrigerant.
For that reason, they are called high-
temperature superconductors,
though they are still far from the
dream of a room-temperature super-
conductor.

The first reports of ceramic super-
conductors, in 1986, touched off a
global research race to understand
them and find others. The excite-
ment peaked at the annual meeting
of the American Physical Society in
March 1887, when thousands of re-
searchers crowded into a hastily or-
eanized midnight nresentation.

ke wire (right), which is wound info cable

NEWER WIRE Cheaper,
with patential for higher
perfr-:r]ii_ance using nanodots.

|
L

ness. Experts from Intermagnetics
General, a manufacturer of super-
conducting metals that was spun out
of General Electric in 1871, immedi-
ately began work on the materials.
“Superconductivity was guaran-
teed to be a field where everything
you did would be new,” said Dr.
Venkat Selvamanickam, who joined
the first wave of research as a grad-
uate Student at the University of
Houston, home to one of the leading

On the verge of
making electricity
leaner and meaner

= '\’rl. A
ST

DESIGNED TO INCREASE FLOW Magnetic |

The Biggest Jolt to Power Since Franklin Flew His Kite

ids

surround all electric current. As current increases,
these “flux lines” impede the path

of electricity

“Nanodots,” each about 100 atom
non-superconducting particles th
flux lines and hold them in place.

the magnetic field drift through the
superconducting layers of the tape
like swirling weather systems
through the atmosghere. Figuring
how to immaobilize, agnetic vor-
tices, an atom process called
pinning, has e ed as a crucial

bismuth compounds kept
much higher than standard
wires that companies lost

Although bismuth-based wires
ave been useful for research and in
a few products that help stabilize
wer grids, the spotlight has shifted
another compound, a mixture of

Bill Marsh/ The New York Time

The last steps will not be easy
While the semiconductor industr
works on improving technolegy U
produce ever thinmer films, Super
conductivity companies chase th
opposite goal, making thicker film
to carry more current

The best available process for de
positing ¥YBCO involves blasting .
chunk of it in a vacuum chambe
with high-energy laser pulses am
running the tape through the resull
ing plume. But pulsed lasers use (o
much time and money to produc
large guantities of wire. So compe
nies are looking for other methods.

“There's probably a dozen ways t
deposit the superconductor,” sai
Dr. Dean Peterson, head of the re
search program at the Los Alamad
National Laboratory, which has bee
researching the alternatives an
hma tn imnrave them

Figuring how to immobilize the magnetic vortices,
an atomic scale process called pinning,
has emerged as a crucial area of research

NANODOTS
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DESPINA E DON ALFONSO DESPINA AND DON ALFONSO
In poch'ore, lo vedrete, In a few hours, you will see

@er virtu del magnetismo, The power of magnetism

Finira quel parossismo Will end this....
(Passion, Excitement, Tumuit, Orgasm,...)

Cosi fan tutte
W. A. Mozart-1790

28



Periodic Vortex Pinning with
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Nanostructures Microstructures
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REMEMBER

H proportional
to
number of vortices

n=1 implies 1 vortex/plaquette
n=2 implies 2 vortices/plaquette



Rectangular Arrays

Pinning vs. Elastic
Energy

Interaction Interaction
Vortex + Pinning Center Vortex + Vortex



Rectangular Arrays
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Low Fields

* Geometric matching

‘ Dot ® Vortex



High Fields

O » Reconfiguration to
square lattice

®  Matching along
‘ direction of motion
O

© Experiment: AH= 112,115 Oe

®  Theory: AH =129 Oe

Vortex Motion —>



Elastic vs. Pinning
Energy

® Crossover:  Ep,,ine = Egiastic

®E,, ....can be calculated

lastic

® Allows to determine £,

inning

® Ly, i~ 0.6 eV/Dot

41



Varying Force Direction

}TL:\/}T)cz_I_}T2 V:X/Vx2+vy2

y

0 = arctan( Fx/Fy) = arctan( J, /Jx) o = arctan( v /Vy)







Channeling

90 ]
10’/
i 150
_. 10", |
"
3 11180 |8 7
: 10 - _ ,
2] | /
10° , )
i o ‘. ,./0 .
3 / ,‘,o,./., "
10 il / /‘,o::,.::- ‘,,,o'.—.—. ]
Yadadetiisise
270 0 30
0 (grad)

e Small distance -easy axis

eVery Anisotropic Resistance

eGuided motion




INDUGED  ENOMENA




Asymmetric AC drive

Measure DC
O—-~\ L

What to Expect 2 NIENTE






J. E. Villegas, J. Vicent ef al. Science 302, 1189 (2003)
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UNEXPECTED

* Periodic Pinning

Martin, IKS-Phys. Rev. Lett.
* Channeling

Villegas, Vicent, Montero, IK.S- Phys. Rev.
* Rectification with Triangular “Dots”

Villegas, Gonzalez, Vicent- Science

49




NEW FUNCTIONALITIES

e Confinement

Geometry
* Proximity Effect Dissimilar, 7-3 D
« External Stimulii | E, B, light,....

50



SUMMARY

Periodic pinning by arrays of
nanostructured magnetic dots

- Maxima and minima in R, Jc
- Magnetic effects

- Structural effects

- Unexpected

Elastic, Channeling, Ratchet|,




OPEN ISSUES

- Position of vortices ?

- Triangular vs Square ?

- Novel Josephson Effect
- Noise

- Devices

- Quantum Computing

- Unexpected

52




Ongoing Experiments

 Nb Thickness

* Location of vortices
 Asymmetric empty triangles
e Self assembled dots
 Exchange biased dots
 Angular dependence

e Disorder

* Noise

53
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CONNECTIONS
INTERACTIONS OF TWO PERIODS

EPITAXIAL GROWTH Soft on Rigid Lattices

2 D MELTING Noble Gases on Graphite

PLASMA PHYSICS Vortices in Charged Plasmas

INDIRECT

PROBE MAGNETIC STATE Nanomagnetism

MODEL SYSTEM Ratchet (Biology)
APPLICATIONS

NOVEL JOSEPHSON H dependent v

NOISE REDUCTION SQUIDS

55



ey

- el er =

310 MAGNETIZED ELECTRON PLASMA : 2-D Inviscid Euler Flow

=
e B

Vorticity (107 sec™!
o (e

: 6 - 60 600
31 . e . . . .
Shear-flow instability forms many intense vortices, which merge and “cool™ into a
“Vortex Crystal” due to effective “drag” from weak background vorticity.

Conserves : Total Circulation, Angular Momentum, Energy (dissipationless)

Expt :K.S.Fine ... C.F. Driscoll FPRL 75, 3277 (1993)

Theory : D.Z. Jin and D.H.E. Dubin PRL 80, 434 (1998)
SELECTED CRYSTAL STATES
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Relevance to this conference

Any thing interesting in ¢ Any thing interesting in
superconductor ? ferromagnet ?

 C(ritical field

Ferro State Different ?

T, * Scattering times
¢ J. * Spin splitting
 Driven states « Coulomb blockade

Inelastic e-tunneling
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