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Applications

§ Recording
* Read Sensors
 Bit patterned media (BPM)

§ Random Access Memory (RAM)
§ Cilia (NEMS)
§ Biomagnetics
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Outine

@ Motivation: Artifical Cilia
@ Magnetostrictive Galfenol

@ Measuring Magnetic Multilayers

@ Applications: flow and vibration sensing_
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Overview- Advantages

ANanosensors: Increase In surface area INcrease
In the device sensitivity

§ Consider two sensing elements, both 1 m thick

Thin film 100 nmdlameters & 100nm interwire spacings
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Advantages: NEMS

@ Microelectromechanical Systems (MEMS)

§ Feynman “Plenty of Room at the Bottom” Dec 1959.
§ Newell, Science 161, 1320 (1968).

@ Why?
§ Reduce mass Lucent mirror array
§8 Increase resonant frequency : 1z
§ Lower force constants

@ \Where?

§ Mirrorsin optical communications

§ Flow control in ink-jet printers

§ Accelerometers in airbags

§ ..sensors, medical, displays, storage...

Diameter ~.4mm

I-"%R 5
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Engineering Structures

@ “Machine” large numbers of integrated devices

@ Planar Processing- Top-Down
§ Si processing follows microelectronics

NEM Sﬁ New ion- and e-beam lithography (100nm)
New materials Roukes, Caltech

@ Self Assembly- Bottom-Up

S . Stadler,
=% U Minnesota

o

3um x 3um
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The Problems of Motion

@ How to induce motion?
§ Biomolecular motors
§ Electric fields
& Thermal ( )
§ Acoustic signals
§ Magnetic fields

@ How to detect motion?
§ Electric fields
§ Optical methods- most common
§ Tunneling current
§ Magnetic fields
§ Acoustic signals

s ______________________________________________________________________________________]
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81997 Encyclopaedia Britamnica, Ine.

Cilia from inner ear cell
Cilia from outer ear ceII Gilia o Butslab

Yost and Nelson
Fundamentals of Hearing
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Giant magnetoresistive
nanowires (GMR)

/

Magnetostrictive
nanowires

Mechanical stimulus — Magnetic Field — \oltage

liﬁ 9
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Sense:
1000000

vioobwasonic signals
v 18688nographic sonar
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2nd mode
MHz resonance

kHz resonance 100 nm diam
1st mode

Hz resonance _
100 nm diam
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Yingchen Yang et al Proceedings of the National Academy of Science, published online Nov 28, 2006.
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(&) mm-scale artificial lateral line sensors;[32]
(b) flexible micropillar flow sensor;[33]

. BEE

500 um

flow 5000 um

(c) 820mm tall,200mm wide, 10 mm thick artificial hair cell cilium;[36]

(d) SU-8 hairs with modified base
structure for enhanced sensitivity;[35]

(e)Array of SU-8 epoxy-based polymer haifs
470 mm long supported by SixNy membranes;[34]



j.. 6. @ 6 @6 ¢
® 00 0 0 ¢ € € € € ¢

Outine

@ Motivation: Artifical Cilia

@ Magnetostrictive Galfenol

@ Measuring Magnetic Multilayers

@ Applications: flow and vibration sensing
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Origin of Magnetostriction

Spin — Orbit coupling

Spln ’I'_\‘ '/ 1 ff : ’/‘-\‘l i
AT 1 i 1) T
\ \ \ !

- ]
orbital ~- - - -

\ Zero magnetic field
H=0

\—p)

v
———-p ===
)

?. magnetostriction
constant

A 4

N

(= = W — ! :_;)(:_;:.( —papplied magnetic field
q Spin-orbit coupling very strong in Rare-Earth based alloys

=& O Hence, very large magnetostrictive constants in FeDy, FeTb and ThDyFe alloys.
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MOTIVATION FOR FeGa ALLOYS

MAGNETOSTRICTION

No Magnetic Field Applied Magnetic Field

app

I ———

3/2 ?»1 00 (X 10_6)

q Large Magnetostriction

q High Strength

q Use of these properties in nanowire forms

UNIVERSITY OF MINNESOTA

15



® ® & & & ¢ ¢ € ¢ ¢ ¢
® ® ® 0 ¢ € € ¢ € ¢

Terfe

1600pp
very brit
compressiv

F

*:"’,I'
L rﬂ.i.
Courtess
NSWCCD

UNIVERSITY OF MINNESOTA




NSWCCD

UNIVERSITY OF MINNESOTA




Rolled Galfenol shows FIeX|b|I|ty

U. Maryland 18



OOOOO((((((

Building in a Uniaxial Anisotropy

Full magnetostriction with 45 MPa tension!

300 -— — ,
250 _‘ ‘ 3 3 f““‘*ﬁ g\ _
=< 200 |- _
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S 150 |  -100 MPa il
= -150 MPa
3 -219 MPa
P 100 |- _
(@) ]
=
50 o
O L= . ] ) ] ) ] . ] A 1 1 " ] 2
-100 -80 -60 -40 -20 0] 20 40 60
Courtesy of Stress (MPa)

NSWCCD 30 T/GPa sensingo



SEI 1.5kY  X27,000 Tum WD 9.7mm
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Varying Diameters of Nanopores

ano (2009)

Norby and Stadler
UMN 2009
unpublished

SEI 5.0kY  X20,000 1pm WD 11.1mm
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0.05M Ga%*, 0.05 M 0.10 M Ga%*, 0.10 M
Sodium Citrate Sodium Citrate

Metal
substrate
cathode | 1 1 1 | 1 | | | | | |

Anodé

|
[
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Distance (om)

- Streaky Uncoated
- Rusty . Bright
— Grey, Dull - Black
| | |
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Fe2+Ga*t lon Ratioin Solutior

Brittle
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EDS Simulations for Thicknesses

@ (b) 170 nm Fegy,Ga,, 0n brass
electron s B
beam

EDS X-ray i

Detector h X-ray 1pm
| Generation (c) 1000 nm Feg,Ga,,0n brass

Y, My, Volume i
:350 /

Eitm g

1pm

Substrate

Schematic of characteristic x-ray generation in specimen and collection in solid state detector,
and Monte Carlo simulations of electron scattering trajectories vs. depth for (b) 170 nm
Feg,Ga,, and (c) 1000 nm Feg,Ga,, films on a brass substrate with a beam energy E,=20 keV

23
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Phase Diagram of Electrochemical Galfenol

90%
80% Ga
0
P r 3 4

70% : § - . —
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Fe & \ # 0.10M Ga, 0.04M Fe, 0.15M Cit
0% st D T 3 see \ | ~O0Y10M Ga, 0.04M Fe, 0.10M Cit
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Current Density (mAlcmz)

15 :
) ‘See Madhukar Reddy et al , Electrochemistry Comm 2012 ‘ ”
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Nanowires Iin 40 nm Templates

Partially
Fully- fllled filled
f Pores ~ Pores

Cu  Galfenol Unfilled ALO,

Sl Hm

CSEl 50KV X3500  1um WD 97mm
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SEI 200ky  X1,400 10pm WD 10.0mm SEI 20,0k X3,000 1um WD 10.1mm
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Non-uniformities Multiply

@ Outgrowth blocks
other wires

27
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Rotating Electrode contols length distribution

a) b)
22— 3.5 —
- -1090 mV; “m -1090 mV|[
10 T -1130 m\4 g_ 3.0- -1130 mV/|
= | = '
= 1 .© 2.5-
*E_) 6- . -E 1
D 0] e 5 2.0-
2 4_ // | U. )
1 e i
] ] 1 = 1.5
2_ ] .
1 . 1 L 1 E 1 s 1.0 I L I . % J
0 500 1000 1500 2000 0 500 1000 1500 2000
rotation / rpm rotation / rpm

High and low rotation gives low standard dev,
but low rotation also has slow mass transfer

29
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No optimization ° 355 56115 um

(75% rel. std. dev) = E (27% rel. std. dev.)

count

16

o lengih ] l J. l
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rotation
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High Quality FeGa (Galfenol) structure

QD
R

FeGa FeGa |—— FeGa/Cu]
E=Y (110) Cu (200) Cu FeGa
2 Cu (200) (220) (\21/11)
(O]
=

Intensit
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TEM confirms XRD

UMD

32
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Outine

@ Motivation: Artifical Cilia

@ Magnetostrictive Galfenol

@ Measuring Magnetic Multilayers

@ Applications: flow and vibration sensing
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Magnetic Characterization

Nanowire array (shown with perpendicular H,,;)

app

Y vector coils measuring the M,
component simultaneously

34
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Barcode wires have easy axes along wire axes
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It has been theoretically predicted
that at low applied field angles,
small diameter nanowires undergo
reversal by T mode, whereas
larger diameter nanowires undergo
reversal by V mode.

However, at applied field angles
approaching 90°, CR mode is
preferred.
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Vary segment lengths for best magnetic control

a) b)
> E- 10
A A: [> 25 ARFeGa
el B D-¢- 0.5 [ ]
FeGa = o B: [4.0 ARFeGa / 0.5 ARCY],q
=
0.5 C:[3.0 ARFG2/ 3.0 ARCu]q
Y, f 100nm
0T = 5 = 0 D: [1.0 ARFeGa /1.0 ARCu];5
d) Field [kOe]
30 E: [0.5 ARFG2 /5.0 ARCu]s,
18
2 AR = aspect ratio = length/diameter
g subscripts denote number bilayers
O
f 100nm
1.0 - T " T 100 . . . : : . .
10 5 0 5 10 -30 0 30 60 90 120 150 180 210
Field [kOe] Angle [deq]

The ratio of the lengths of FeGa and Cu segments determined the curvature of the36
i e P bell curves: the smaller the ratio, the flatter the curve
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Vector VSM

M, - M, plots for
(a) Parallel

(b) perpendicular applied fields: | e |
shows the cooperative rotation e 9 b e b
of moments in adjacent Fe-Ga 3 M, /M,
segments. $ o

7 -_ T
- f__,-‘f C
A o o d

— B

E 1 1
10 05 00 05 10
M./M,
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MFM Results Show Moment Rotatlon- UMD

150nm x 150 nm FeGa separated by 4-6um Cu
easuie -D_'a*_'aZ_-:GEz_fﬂJ 4] 700.0 m° Measure

casure patazoon | KHIEE
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Magnetizaton Rotation- UMD

Vary Field

Vary Angle
550 Oe

40
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Manipulator Stage for Mechanical Testing- UMD

Piezoelectric

bimorph
Z stage T

S Nanowfws &A probes

UNIVERSITY OF MINNESOTA
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Tenslle Procedure

@ Extract wire from array, clamp to opposing AFM probes

§ BotthMW
@ Cantilevers slowly pulled apart _
§ System IS static while recordlng data

E=594+/-63GPa

R% =099

0.615 : :
Strain e soft AFM

s upward

SEI 300kY X200 100pm WD 16.9mm

UNIVERSITY OF MINNESOTA



Measuring Resonance

First resofie
cantilevere
at 84.7 kHz

vV RMS

1 : : :
E 55 86 8.55 8.7 8.75 88
UMD 100KV X9.000 Frequency [He] x 10°
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Bimodal Distributions are not
always undesirable!

44
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Outine

@ Motivation: Artifical Cilia

@ Magnetostrictive Galfenol

@ Measuring Magnetic Multilayers

@ Applications: flow and vibration sensing
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Underwater cllla  mssriion

MOoDEL
TR-1073A

MODEL

@ How fish “hear”

@ How we hear fish —
§ Piezoelectric membrane arrays

MassaProduct

46
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Initial Flow and Vibration Sensors

a7
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Vibration: Shake Table

GMR signal

0.0016

0.00159

0.00158 - il “‘\
PR Al

0.00156

0.00155 | | | ; ;
0 20 40 60 80 100 120

Time (sec) Vibrations from 1Hz to 5Hz




5Hz Excitation
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Characteristic Double Frequency

Frequency (Hz)

{a! HET
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Ultrasound

Diameter: 10MM
A1: 6.0

15:01:31 D462 iy

|
\‘-{; g |
s
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Ultrasound Transducer Arrays

Facal
Zone

@Many dlffere
8 Linear

|near Focal Depth | '
apphcaﬂons
d| (ent

rravs e able Steering
(e‘; ally swiept across imaged field) and

B rming (control of focal distance and
beam width)

i’a‘d : - - @ =y [ N B =
Tran bducer el E
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Linear vs Areal Arrays

’ 331 Tirme [us]
Lateral distance [mm]

05 pn&
¥ [mim]

y [mm]
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Nanowire Arrays with Broadband Response

Length Distribution of Manowires

Fopulation

Length of wires (urm)

U of MN
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Ultrasound Response Measurement Apparatus

Beam

55
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Biomagnetics
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Manipulation of Nanowwes
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Summary

@ Templates with controlled parameters
§ directional anisotropy
§ long range order, large area, small pores

@ A Galfenol electroplating

@ Promising nanowires for:
§ Magnetic sensors
§ Vibrations sensors
§ Energy harvesting
§ Flow detection
§ Much more

58

UNIVERSITY OF MINNESOTA



j.. 6. @ 6 @6 ¢
® 00 0 0 ¢ € € € € ¢

Review

@ Motivation: Artifical Cilia

@ Magnetostrictive Galfenol

@ Measuring Magnetic Multilayers

@ Applications: flow and vibration sensing
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Applications

§ Recording
* Read Sensors
 Bit patterned media (BPM)

§ Random Access Memory (RAM)
§ Cilia (NEMS)
§ Biomagnetics
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