Electronic Transport through
Single-Atom Contacts of Ferromagnetic Metals

N
Landauer formula: G = 2e°/h ZlTn
n-=

® What are the conduction channels?

® How many channels can a single-atom
contact build?

® Are the channels spin-polarized?

Are the transmission values quantized?
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SUSPENDED NANOBRIDGE

Mechanical adjustment
with atomic precision

at low temperatures

and in UHV
polyimide

Aluminium film o
sacrificial layer

Displacement ratio:
r =10 10 10

elastic substrate

Stability better than
200 fm/h (at 4.2 K)

pushing rod
countersupports

J.v.Ruitenbeek et al, Rev. Sci. Instrum., 1995
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ALUMINUM
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Single-atom contacts 01:
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Experiments on ferromagnetic atomic
contacts

Digital Oscilloscope

Ni wire
nanowire

spring plate “{8 Ni film

iron yoke

Ono et al. 1999



Experiments on ferromagnetic atomic
contacts
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Experiments on ferromagnetic atomic
contacts
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Counts (arb. u.)

Histograms of Co few-atoms contacts
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Histograms of Co few-atoms contacts
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Histograms of .notched-wire"
breakjunctions
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Histograms of .notched-wire"
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Magnetoresistance of ferromagnetic
atomic contacts
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Induction ( 10" Gauss)
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Induction ( 10" Gauss)

Magnetoresistance of ferromagnetic
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Induction ( 10" Gauss)
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Origin of strong MR?

intrinsic Effects

Classical Magnetorcsistance
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Magnetoresistance of lithographic
breakjunctions in perpendicular field



Magnetoresistance in perpendicular field
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Magnetoresistance in perpendicular field
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Magnetoresistance in perpendicular field
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R (kQ)

Magnetoresistance in perpendicular field
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Magnetoresistance in perpendicular field
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Magnetoresistance in perpendicular field
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Magnetoresistance in perpendicular field
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Magnetoresistance in perpendicular field
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Magnetoresistance in perpendicular field
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Magnetoresistance in tunneling regime
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Magnetoresistance in tunneling regime
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Magnetoresistance in tunneling regime

(> p A

= —»




Magnetoresistance in tunneling regime
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Magnetoresistance in perpendicular field
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Magnetoresistance in perpendicular field
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Magnetoresistance in perpendicular field
CoNo.2, T=2K
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Magnetoresistance in perpendicular field
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Magnetoresistance in perpendicular field

CoNo.2, T=2K
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Magnetoresistance in perpendicular field

CoNo.2, T=2K
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Magnetoresistance in perpendicular field

CoNo.2, T=2K
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Magnetoresistance in perpendicular field
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Magnetoresistance in perpendicular field
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Resistance changes of Co contacts
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Magnetoresistance of Ni lithographic
breakjunctions
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c (0*h)

Magnetoresistance of Ni lithographic
breakjunctions
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Magnetoresistance of Ni lithographic
breakjunctions
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Magnetoresistance of Ni lithographic

breakjunctions
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Origin of strong MR?

intrinsic Effects
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Other possibilites:

Assumption:
quantized channel
transmissions



Origin of strong MR?
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perp. field, monotonic
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Measurement of transport channels

Shot noise: v. d. Brom & v. Ruitenbeek, PRL 82 (1999) 1526, R. Cron et
al., PRL 86 (2001) 4104
sO> r(-r)

Conductance fluctuations: Ludoph et al., PRL 82 (1999) 1530
AGOY 1°(1-1)

Thermopower: Ludoph et al., PRB 59 (1999) 12290
vo>r’d-r)

Supercurrent: Goffman et al., PRL 85 (2000) 170
I,0) 1,(1-1,8in°(/2))""* cos(I/2)

Superconducting IVs: Scheer et al., PRL 78 (1997) 3535



Superconductivity: Nonlinear IV characteristics by MAR

single-electron transport
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SPECTROSCOPY OF THE CHANNEL ENSEMBLE

* Decomposition of exp. IVs into contributions of N

channels with transmission coefficients {7,7,,75,....., 7}
N
IeXp = — /(V, T/')
4 Z-/'

N

+ (fotal) conductance & G=6,) 1 =6
/=1

. . N
* total transmission = Z T,

E. Scheer et al., PRL 1997



Single-atom contacts of aluminum
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eV/A
Al

O T1=0.98 O 1=0.55
T=0.85 T=0.35
O T1:=0.69 T=0.15

Symbols: experimental data at T < 100 mK
Single channel calculation with PE model
------ Single channel calculation for BCS superconductor

E. Scheer et al., PRL 2001
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GIG,

Measurement of spin polarization

(a) Perez-Willard et al, PRB 2003
S’3+x N4—x Al
| |
G ; :
| | See also: Soulen et al, Science 1999
Co Cu
LR D L I &
14+ -1 14 [sample deo (nm) | Ry ()| T (nK)|A (ueV)| 1 Ty I 1’1
#1 6 104 [ o7 180 [0.404(0.979|0.42
1.2 1.2 #2 6 660 | 90 | 199 10.403(0.979|0.42
#3 12 | 332 | 101 | 199 |0.420(0.968/0.39
1F 1 #4 12 | 133 | 100 | 188 |0.415|0.970/0.40
 EES] T b e #5 | 24 | 600 [ 98 | 180 |0.382{0.989|0.44
S A 40 1% 32 10 #6 24 | 358 | o7 | 193 {0.399]0.983|0.42
1-4_‘samp,e#5 ] ’-“_‘ syl 28 #7 50 157 | 99 172 [0.370]0.994(0.46
#8 50 | 359 [ 97 | 198 [0.392{0.986|0.43

TABLE I: Transmissions, 7y |, polarization, P, and gap. 4,
for the Al/Co samples as determined by a fit of the Andreev
spectra for T = 100 mK with our model.




Spin polarization in atomic contacts

Au STM tip jf
Change of conductance € 3
observed when using 2l
. . 1}
spin polarized S Mn0, - N
elec‘rr.ode without (@) % B8 0 15 B
changing the contact 30 v
material | _‘
NPR—
Suderow et al., 2002 7 3 p 5




IVS OF AFM DOT WITH A

SINGLE CHANNEL ST gD
BETWEEN SL CONTACTS 4

o= OfF.,,d): d

spin-mixing angle

phase between Tyand T,
0

Resonances in the 4+
DOS af 3 e
g, = +/-Acos©/2) T2¢

6/n=1

assumpfion: Ty =T, 0 e
eV/A

Andersson et al., Physica € 367, 117 (2002)



IVs OF SFS CONTACTS

WITH A SINGLE CHANNEL

PER SPIN DIRECTIONT:-T,
1.0

S-N-S
eV=2A/m

S-F-S
eV=A/2""m

A. Martin-Rodero et al,
Physica € 352, 67 (2001)
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IVs OF SFS CONTACTS

WITH A SINGLE CHANNEL

PER SPIN DIRECTIONT:=T,
1.0

0.9

S'N'S 08
eV=2A/m 0.7

060 i

S-F-S
eV=A/2""m

A. Martin-Rodero et al,
Physica € 352, 67 (2001)




Superconductor-ferromagnet-superconductor samples

- S G R R R RS S S
AccV "Spot Magn® WD F——————1 2m

5.00kV 1.0 12800x 10.2

AccV  SpotMagn WD F———— 2um
10.0kv 1.0 10606x 100

Top view after lift-of f Top view after RIE
140 nm Al 60 nm Co

Acc V' Spat Magn 1 um
100K 10212t}

AccV. SpotMagn. WD F—————- 2qm
o BODRVED 0.5 12800k BOTF oo Jent il SR ity

Principle '



IVs OF SFS CONTACTS

WITH A SINGLE CHANNEL
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1.0
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A. Martin-Rodero et al,
Physica € 352, 67 (2001)
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Summary

* Transport properties of atomic QPCs are determined
by the chemistry and geometry of the central ,cluster”

e The number of conduction channels is determined by
the chemical valence of the metal

=

» Co atomic-size contacts show rich magnetoresistance
behavior

 No signhature of spin polarization in histograms of Co

* Micromagnetism seems to dominate the transport
properties



Summary

* Transport properties of atomic QPCs are determined
by the chemistry and geometry of the central .cluster”

« The number of conduction channels is determined by
the chemical valence of the metal

=

» Co atomic-size contacts show rich magnetoresistance
behavior

 No signhature of spin polarization in histograms of Co

* Micromaghetism seems to be important

(Still) open questions:

* Origin of high MR?
* Channels of magnetic metals?
 Spin polarized channels?






Magnetoresistance of ferromagnetic
atomic contacts

(@) I nm m IV OV WV
1000
R il ‘ 850 Q
Power Supply ST ol s Tl e TR T e T e T
) !
- g 600}
High Impedance = _
Voltmeter *é' 400 |
w)
5]
Reference o 200}
electrode ™~ . I I -
| -3000 3000 -3000 3000 -3000 3000 -3000
Applied field (Oe)
\%
(b) P I m v
[ - . \_‘ 1040 Q
J— 1000 ! - ey - L g ™™ L7 P;: .........
g™ L
o 800} N
[ L
g 600 |
| £ |
‘@m 400}
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m 200+ |
5l 1Q
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Applied field (Oe)
Chopra et al., 2000 ff




Magnetoresistance of ferromagnetic
atomic contacts

(a) I m m IV V VI
1000
3 onl ‘ 8500
Power Supply ST ol s Tl e TR T e T e T
) !
g 600}
High Impedance = _
Voltmeter *é' 400 |
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Applied field (Oe)
(b) 1200
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Superconducting gold by proximity effect

aluminum
counter supports

/\

pushing elastic
rod i substrate

gold polyimide

thickness of aluminum leads ~ 400 nm
thickness of gold layer ~ 30 nm
gap width between leads ~ 50 nm



Single-atom contacts of and niobium
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Localized orbitals model for sp metals

E
p orbi’ralsi +i p band
s orbi‘rals+|v— binding s band
>
DOS

Maximum number of number of s humber of
transport channels - valence orbitals ~ active channels
monovalent metals
(1 s orbital), e.g. Au, Ag, Na Nmax =1 N=1
divalent me‘rgls N, = 4 N =
(1 s+ 3 porbitals), e.g. 7n, Hg, Mg ax
sp-like metals ) i
(1 s+ 3 porbitals), eg. Al, Pb Nimax = 4 N = 3-4
transition metals Nirax = 6 Nz5

(1s+5dorbitals) e.g. Nb, W

{1,} depends on the precise atomic arrangement and local Fermi level ->
number of "active” channels is in general smaller.

Levy Yeyati et al., PRB 1997; Cuevas et al., PRL 1998; Hdfner et al., tbp
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Channels of FM single-atom contacts



Transmission

Channels of FM single-atom contacts
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Transmission

Channels of FM single-atom contacts
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Channels of FM single-atom contacts
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Channels of FM single-atom contacts

Transmission
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Transmission

Channels of FM single-atom contacts
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Channels of FM single-atom contacts

Transmission
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Channels of FM single-atom contacts
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Counts (arb. units)

Transmission histograms
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T. Bohler et al., Nanotechnology 15, 465 (2004); M. Hdfner et al., tbp
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Calculation of transmission coefficients

tnm

m .
elastic

scattering
potential

TTTTTTTTTT

n

1
| 1
| |
| |
I "
reservoir 1 . lead 1 lead2 ' reservoir 2
| .
| 1
. 1

'nm

—

Channels are eigenfunctions of scattering problem

262 N N 5 N
Landauer formula: 6==-D=D withD=> > |t.[ =Tr(*'t)=>1,
/=1

h n=1m=1
Adiabatic QPCs Atomic QPCs in metals:
) T A ~Wo>a |
—» | 1) —
I |
w1 (% 2 T3 0

Wavefunctions in reservoirs, Wavefunctions in reservoirs
leads and QPC are of same and QPC are different: ;< 1

kind, well matched: 1, = 1
for all modes with nA./2 < W



Localized orbitals model for monovalent metals

Breit-Wigner resonance

ar I, with s effective level
(€ -¢€)’ +(I, +T, )3 of central orbital

1(E)=

1= 1only if

® resonance centered at E;
(charge neutrality)

® G =6,
(symmetric contact)

| Parameters here:
1r=r,=1ev,
| e=E.=0eV

A. Levy Yeyati et al. PRB 56,10369 (97);
J.C. Cuevas, thesis, UA Madrid (99)



FROM TUNNELING TO CONTACT

A : superconducting gap energy
G : conductance at eV » 2A

Nonlinear IV characteristics of
superconducting atomic contacts:

® sub-gap structure
(N. v. d. Post et al., '94)
® eXxcess current
(C. Muller et al., '92)
® supercurrent (not shown)
(M. Goffman et al., '00)
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Possible Application of Single-Atom Contacts
in Nanoelectronics

Vision:
Tailor-make electronic circuits with desired electronic properties
by correct choice of atoms/clusters/molecules

Fully Integrated Break Junctions:

10pm

Open Problems:

1. Functionality: Find suitable building blocks for
leads/switches/diodes!

2. Down scaling of MCB setup: (Zhou et al, 1995)

3. Control of atomic positions with subatomic precision?
4. Lifetime and reliability: Stability? Chemical reactivity?

5. Efficient, low-cost fabrication scheme: self assembly?
6. ...
7. ..




Formation of longer chains

Combination of MD
with tight-binding
calculations:
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Electronic Transport through
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Low electron density

Conductance (2e°/h)

METALLIC QUANTUM POINT CONTACTS (QPC)
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Adiabatic QPC in strong magnetic field

2 N

Lifting the spin degeneracy: G =% Z(Tm 7))
n=1

™  Appearance of

" \ ko new plateaus at
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5 30 205
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Wharam et al., J. Phys C (1988) In}:i(r)nrgr'a et al. PRL 2000




