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MAKING AND BREAKING METAL-METAL CONTACTS
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METAL NANOCONTACTS 

1. STRUCTURE? EVOLUTION IN TIME?

2. CONDUCTANCE? 

3. MAGNETISM? WHAT EFFECT ON CONDUCTANCE?

4. NANOMAGNETISM IN A NONMAGNETIC METAL CONTACT?

5. KONDO: A  MANY-BODY EFFECT IN A NANOCONTACT



COMPUTATIONAL  METHODS

-- CLASSICAL (MOLECULAR DYNAMICS) SIMULATION OF 
NANOWIRES AND NANOCONTACT STRUCTURE +  BREAKING

-- AB INITIO DENSITY FUNCTIONAL ELECTRONIC  STRUCTURE 
CALCULATIONS . CODES: MOSTLY PWSCF (QUANTUM 
ESPRESSO). EX-CORREL. FUNCTIONALS: LDA, GGA, (LDA+U)

-- BALLISTIC  CONDUCTANCE  CALCULATIONS: IHM-CHOI 
METHOD (COMPLEX BAND STRUCTURE, PLANE WAVES)
GENERALIZED TO ULTRASOFT  PSEUDOPOTENTIALS.
(SPIN-ORBIT  INTERACTION INCLUDED: EFFECTS  ON
SPIN + ORBITAL  NANOMAGNETISM, CONDUCTANCE)

-- MANY BODY METHODS (NUMERICAL RENORMALIZATION 
GROUP) FOR KONDO EFFECT IN TRANSITION METAL 
ATOMIC NANOCONTACTS 



STRUCTURE



TIME SCALES IN THE  STRUCTURAL
EVOLUTION OF  NANOCONTACTS

τ1. FAST PLASTIC FLOW
AND  THINNING

τ2. QUASI-EQUILIBRIUM LONG  LIVED 
(MAGIC) “NANOWIRE” STRUCTURES 

τ3. FINAL BREAKING



IDEAL ULTRATHIN NANOWIRES (THEORY):
EXPECT NEW OPTIMALLY PACKED STRUCTURES 

GULSEREN ERCOLESSI,
TOSATTI, PRL 80, 3775 (1998)

METHOD: MOLECULAR  DYNAMICS
SIMULATIONS. POTENTIAL:

EMPIRICAL MANY BODY FORCES 
(ERCOLESSI, ONG (1992))

COAXIAL “WEIRD NANOWIRES”

CRYSTALLINE,
ICOSAHEDRAL,
HELICAL



EXPERIMENT:
Takayanagi et al (2000)

MAGIC  GOLD 
NANOWIRES

Au



Takayanagi et al
(2000)

HELICAL!?

ΔN = 7 !?
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Au: TEM
RESULTS
ANALYSED

TEM pict.

Model pict. 



AB INITIO THEORY  OF 
MAGIC NANOWIRE STRUCTURES: 

CALCULATE  (AND  MINIMIZE)  WHAT?

THE  CONCEPT  OF  STRING  TENSION

MAGIC NANOWIRES = MINIMA  OF 
FREE ENERGY  F?   NO:

-- F (N)/N decreases as N grows: wires should
thicken…. but they thin down!!
-- Reason: wires  are tip-suspended, do not         
exist in isolation



Tosatti et al
Science 291,
288 (2001)

THINNING

STRING  TENSION

RADIUS

L

ATOMS ESCAPE JUNCTION TO GO TO THE LEADS



MAGIC NANOWIRES: AB INITIO THEORY
( Science 291,288(2001))

1. BUILD CRUDE WIRE MODEL USING EMPIRICAL
FORCES, MOLECULAR DYNAMICS

2.  OPTIMIZE STRUCTURE BY FIRST PRINCIPLES 
DENSITY FUNCTIONAL  CALCULATIONS

3.  OBTAIN  F (=  E AT T=0) AND L OF OPTIMAL
ZERO STRESS STRUCTURE 

4.  μ = BULK COHESIVE ENERGY (CALC. SEPARATELY)

5.  CALCULATE STRING TENSION f, REOPTIMIZE
IN PRESENCE OF STRESS UNTIL  SELFCONSISTENT

6.  BUILD ANOTHER  WIRE  MODEL, ETC



MULTISHELL
COAXIAL
NANOWIRE
MODELS



Science 291,288(2001)



WHY HELICAL?

HELICAL TUBE NARROWER  AND 
LONGER!

WHY  ΔN = 7? 

2π(2R) < ΔN(2R)      ΔN=7!

R



Monatomic nanowires

Ohnishi et al., Nature 395, 
780 (1998)

TEM = transmission electron microscope

Rodrigues et al., Phys. Rev. Lett, 
91, 096801 (2003)

Au



Monatomic wires are magic too! 

a

E.T., Sol. State Comm. 135, 610 (2005)



CONDUCTANCE





Break junction conductance 
histograms: quantization

Au

A. I. Yanson, Ph.D. Thesis, 2001
G  =  2e  /h  = (12.9 KΩ)2

0
-1



HEAT
HEAT HEAT

(Figure from B. Altshuler)



G < GMAX = (e2/h) (NUP + NDOWN)



Au

MONATOMIC Au CHAIN

LEFT TIP RIGHT TIP

ENERGY

MOMENTUM



Au

A. I. Yanson, Ph.D. Thesis, 2001



COMPUTATIONAL APPROACH

-- ELECTRONIC  STRUCTURE  CALCULATIONS: DENSITY
FUNCTIONAL THEORY (DFT).

-- BALLISTIC  CONDUCTANCE  (LANDAUER) CALCULATIONS: 
COMPLEX BAND STRUCTURE (PLANE WAVES, ULTRASOFT  
PSEUDOPOTENTIALS, SPIN-ORBIT EFFECTS  INCLUDED)

www.QUANTUM-ESPRESSO.org

SMOGUNOV, DAL CORSO, ET, PRB 70, 045417 (2004); PRB 73, 075418 (2006); 
PRB 78, 014423  (2008); [but  also Mertig et al, Bluegel et al, Bagrets et al, Sanvito
et al, Tsymbal et al, Barreteau et al,  Brandbyge et al, Di Ventra et al, Todorov et al…]

-







G/G0 ~ 0.9

TEST CASE 



MAGNETISM

image from  (Autes et al 2008) 



HOW MAGNETISM
INFLUENCES BALLISTIC
CONDUCTANCE



E-
E F
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nonmagnetic T=0 ferromagnetic

Electronic structure of monatomic infinite Ni 
wire at equilibrium

a = 2.17 Å a = 2.17 Å

dxz ,yz
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spin up
spin down

( m = 1.13 mB )

N = 1

N = 6
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CONDUCTANCE  CALCULATIONS 
NICKEL NANOCONTACT 

SMOGUNOV, DAL CORSO, ET
PRB 70, 045417 (2004)

A) ab-initio electronic structure 
(local spin density)

B) calculate transmission  T(E)

C) ballistic conductance  
G/G0 = 0.5 T(EF)

coana
Rectangle



M
a
g
n
e
t
i
z

Magnetization profile of Ni nanowire (Smog)

Magnetization along the wire direction in  the 3-atom Ni nanocontact
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G/G0= 1.6
Ni
3-atom
contact

A. Smogunov et al (2004)
V~0



(2004)

T= 4.2 K



“SPINTRONICS”

FERT GRUENBERG





NANOMAGNETISM
AT  CONTACTS?

(speculative)



CAN  THIS  BE  LOCALLY MAGNETIC (AT T=0)?
WHAT IS THE EFFECT ON CONDUCTANCE? 

S?Pt, Pd, ...



Magnetization
of  Pd
3 atom
contact

P. Gava et al (2005)

A

CAUTION:  A  VERY  WEAK  EFFECT!



KONDO EFFECT  

Jun  Kondo

H =  J s. S        J >0  

SCREENING

s S



MAGNETIC IMPURITY IN A 
NONMAGNETIC  METAL 

NANOCONTACT

S
Au

Ni



“ZERO BIAS ANOMALY”

“FANO” LINESHAPE



IS THIS STILL OK??

NO!!



MANY BODY EFFECT

t U

SOLVED BY e.g., NUMERICAL RENORMALIZATION GROUP 

ANDERSON  MODEL

t



NUMERICAL RENORMALIZATION GROUP
R. BULLA et al (2008)           

Ken Wilson



1. DFT ELECTRONIC STRUCTURE CALCULATION:
-- IDENTIFY NATURE, SYMMETRY OF COND. CHANNELS
-- MAGNETIZATION,  SPIN OF IMPURITY  
-- SYMMETRY OF  FILLED + EMPTY MAGNETIC ORBITALS 
-- EXTRACT SCATTERING PHASE SHIFTS OF CONDUCTION       
ELECTRONS FOR EACH SYMMETRY& BOTH SPINS 

2. BUILD GENERALIZED ANDERSON MODELS, INCLUDING           
ALL SCATTERING SYMMETRY  CHANNELS

-- ADJUST PARAMETERS OF ANDERSON  MODEL TO                  
CLOSELY REPRODUCE DFT PHASE SHIFTS WITHIN                
HARTEE-FOCK APPROX. 

3. SOLVE ANDERSON MODEL WITH e.g.,NUMERICAL                  
RENORMALIZATION GROUP (NRG) TO OBTAIN
SPECTRAL DENSITY, CONDUCTANCE.

“DFT + NRG” STRATEGY



PURE Au

SUBST. Ni

BRIDGE Ni

TEST  CASE:  Au-Ni NANOCONTACT



DFT  ELECTRONIC STRUCTURE  CALCULATIONS

BRIDGE

SUBSTITUTIONAL

Y. MIURA et al. PRB (2008); R. MAZZARELLO et al (2009)

Ead = 2.32 eV, magn.= 1.9-2.0 μB

Ead = 3.22 eV, magn.= 1.3-1.0 μB

z

x

REFLECTION SYMMETRY:   EVEN,  ODD RELATIVE TO Ni



DFT CALCULATION: Ni SPIN DEPENDS ON GEOMETRY

BRIDGE S ~1/2               SUBSITUT. S ~ 1

LSDA

LSDA+U

EVEN ODD EVE
N



e = L+R

o = L - R

δe
σδo
σ

CALCULATE IMPURITY PHASE SHIFTS BY SPIN ROTATION ANGLE



-- ONLY ONE CASE (Bridge, odd)  WHERE COUPLING IS AF
REASON :  IN MOST CASES SPIN IS A SPECTATOR



BRIDGE Ni 
δeup - δedown > 0      ferro, small
δoup - δodown <<0     antiferro, large

EXTENDED ANDERSON MODEL





ZERO-BIAS
CONDUCTANCE

BRIDGE  GEOMETRY

KONDO TEMPERATURE CONTROLLED BY HUBBARD U



DIFFERENTIAL  CONDUCTANCE

BRIDGE  
GEOMETRY

εs/D = -0.4

IFANO INTERFERENCE CONTROLLED
BY s CHANNEL ENERGY POSITION



SPIN 1 IS SPECTATOR,
COUPLING IS  “FERRO”

JH < 0

SUBSTITUTIONAL Ni



PREDICT GEOMETRY-DEPENDENT KONDO EFFECTS, 
DIFFERENT ZERO_BIAS CONDUCTANCE ANOMALIES

subst.
subst.bridge

REGULAR
KONDO

“FERRO”-
KONDO

(sketch)

Experiment?



CONCLUSIONS

UNSUSPECTEDLY RICH PHYSICS AT NANOCONTACTS

QUASI-EQUILIBRIUM MAGIC NANOWIRES

BALLISTIC CONDUCTANCE AND MAGNETISM

LOCAL CONTACT MAGNETISM IN Pt, Pd?

KONDO EFFECT ACROSS MAGNETIC IMPURITIES
CALCULABLE IN ATOMISTIC  DETAIL



G    SOME GENERAL  REFERENCES (mainly experimental)

-- METAL NANOCONTACTS, BREAK JUNCTIONS
N. Agrait et al, Physics Reports 377, 81 (2003)

-- MAGNETISM AND CONDUCTANCE
Various articles by M. Viret, and by A. Fert

-- KONDO EFFECT AND ZERO BIAS CONDUCTANCE                        
ANOMALIES IN ATOMIC NANOCONTACTS

See, e.g.,  M. Ternes et al, J. Phys.-Cond. Matt.  21 ,  
053001  (2009).
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