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Brief History
A Remarkable Set of Materials!

Nature of the Superconducting State?
The Discovery of New Condensed Phases 
& New Effects in High Magnetic Fields

Δ=Hμ2

Triplet?

(TMTSF)2

 

PF6  the first organic superconductor
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(TMTSF)2 PF6 - Most Remarkable Electronic 
Material Ever Discovered

So far in one single crystal:

All the usual competitions:
Metal-Insulator, Magnetic-Superconductor,

Commensurate-Incommensurate, FermiLiquid-
 

NonFermiLiquid,
Spin Density Wave -

 
Charge Density Wave……

Exhibits all transport mechanisms known to man:
Metallic, Sliding Density Wave, Superconducting,

Quantum Hall

Plus somethings new :
Field Induced SDW/QHE

Giant Nernst Effect, Magic Angle Effects
Triplet Superconductivity, Field Induced Slabs
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Observed and hinted at  ground states
BEDT-TTF family (TMTSF)2PF6

Supercond – singlet
- d-wave?
- LOFF?

Ferromagnetic
SDW
CDW
Quantum Hall?
Fermi-Liquid

Supercond – triplet?
SDW
CDW
Field Induced SDW
Quantum Hall
Fermi-Liquid
Non – Fermi, Luttinger? Liq
Mott Insulator?



Crystal Structure of Bechgaard Salts (TMTSF)2

 

X

• Highly anisotropic
σa

 

: σb

 

: σc

 

= 1 : 10-2

 

: 10-5

4ta : 4tb : 4tc = 1 : 0.1: 0.003 (eV)
σi ~ ti

2

• Good metal
ρ ~1 μΩcm

 

at 4K 
(ρ

 

(Cu) ~ 1μΩcm at 300K).

• Extremely clean
l~10μ at 1K,   h/τ~0.1K at 1K

• ¼
 

Filled, Slightly Dimerized
Single chain has charge gap.

7.297 , 7.711 , 13.522a b c= Α = Α = Α
o o o

83.39 , 86.27 , 71.01α β γ= ° = ° = °

Triclinic
a

c b

Presenter�
Presentation Notes�
(TMTSF)2X are called Bechgaard salts, which were first synthesized by Bechgaard about 25 years ago. Tmtsf is tetramethyltetraselenafulvalene. It is a planar molecule with four Selenide atoms on the shoulders. X is the anion for charge balance. It can be PF6 ClO4 and etc. The conduction band comes from the overlap of the p-orbitals of Selenide atoms. The TMTSF molecules stack in a zig-zag fashion in the crystal to form chains in the a-axis, which is the good conduction direction.  The chains sit side by side along the b-axis, forming the ab-planes.  The planes are sandwiched by the anion sheets along the c-axis.  It is clear from the structure of the material that the overlap of the electrons’ wavefunction is largest along a-axis, and worst along c-axis. The crystal has a triclinic symmetry, but it is usually approximated by orthorhombic symmetry for simplicity. This material is highly anisotropic:  the best to the worst conductivity ratio is about 100 thousand.  Nonetheless, it is a very good metal.  Its resistivity is order of 1 micro-ohm-centimeter at 4 kelvin, which is comparable with the resistivity of copper at room temperature. And it is a very clean system with mean free path about 10 micron at 1K.   �
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1D metals are unstable – Fermi Surfaces Nest
Interchain hopping – warped Fermi Surface – regain metal

Pressure increases interchain hopping – more 3D
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3D (P,H,T) phase diagram of (TMTSF)2

 

PF6

Insulator-Superconductor Bechgaard, Jerome 1979
1D-electron gas phase diagram 
(“g-ology”).
J. Solyom, Adv. Phys 28, 201 (1979)

First guess from g-ology
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P.M. Chaikin, M.Y. Choi and R.L. Greene, Mag. Mat. 31, 1268 (1983)

Resistive upper critical fields

M.Y. Choi et.al., Phys. Rev. B25, 6208 (1982)

Radiation damage experiments

Non s-wave Singlet (s,d-wave)?
Hp =16 KG

Singlet or Triplet ?



M. Takigawa et.al.,
J.Phys. Soc. Jpn. 56, 873 (1987)

Proton spin-lattice relaxation experiments

Thermal conductivity Belin

 

et. al.

S-wave (a finite gap) 
(No node on FS)

Non S-wave
(line node on FS)

T3



Singlet –
 

Triplet Unresolved 
after ~ 12 years in 1980’s

But People discovered unusual things in Magnetic Fields



Electron Orbits for a Magnetic Field along c
H
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But nesting at q=2kF

 

+/-
 

nG,  G=2π/λ
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Main lesson: 

Magnetic field perpendicular to the chains
reduces electronic dimension 

Does this decouple chains/planes?

H

bc

a

bc H=0

3D coherent Coherent planes



Two Contributions to Magnetic Critical Field -
 

Orbital and Spin

Orbital term derives from Field Expulsion
e.g. Meisner

 

Effect

Need currents to expel field
j~H, ΔF~K.E. ~j2~H2

Spin derives from susceptibility
of spin paired state

ΔF~ -

 

(1/2)ΔχH2

FNormal

Fsuper

FNormal
-

 
(1/2)

 
χPauliH2

Fsuper
H H

Hc2orbital

HPauli

Usually Hc2orbital

 

<<HPauli
Hc2orbital

HPauli
H

TcT

F



Note: When 

Δ>H0μ
↑↓>

H

single pairs break



L.I. Burlarchkov, L.P. Gor’kov and A.G. Lebed’
Europhys. Lett.,  4 941 (1987)

Test for the triplet 
superconducting pairing?

tc /Tc = 4

A.G. Lebed’/DMS’s proposal.
Field-induced dimensional crossover quenches orbital pair breaking effect

tc /Tc = 7

H//y (b)

A.G. Lebed’, JETP Lett., 44, 114 (1986)
N. Dupuis, G. Montambaux

 

and C.A.R. Sa de Melo, PRL., 70, 2613, (1993)
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proves triplet (equal spin paired)

But people are more used to seeing NMR Knight Shift

↓↓↑↑ or



Setup for
 

77Se NMR Knight Shift experiments

• Dilution temperature (0.03 K)
• High pressure (7 kbar)
• Precise angular alignment (resolution: 0.0025o)
• Simultaneous NMR and transport measurements

Miniature pressure cell mounted on 
the bottom of mixing chamber

1.2mm

1mm



Spin susceptibility in (TMTSF)2

 

PF6

(H=2.38T)/(Hc2

 

(0)

 

=5T) ~ 0.5 for H // b 
(H=1.43T)/(Hc2

 

(0)=3.4T) ~ 0.4 for H // a

Spin triplet superconductivity?

P. Fulde and K. Maki, 
Phys. Rev. B139, A788 (1965)        
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0.5

1.0

0.63
H/Hc2 = 0

 H // a
 H // b
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I.J. Lee et al., PRL, 88, 17004 (2002)
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On the superconducting state of the organic conductor (TMTSF)2ClO4
J. Shinagawa,1 Y. Kurosaki,1,2 F. Zhang,1 C. Parker,1,3

S. E. Brown,1 D. J´erome,4 J. B. Christensen,5 and K. Bechgaard5
(Dated: April 9, 2007)

(TMTSF)2ClO4 is a quasi-one dimensional organic conductor and superconductor with Tc

 

= 1.4K,
and one of at least two Bechgaard

 

salts observed to have upper critical fields far exceeding the
paramagnetic limit. Nevertheless, the 77Se NMR Knight shift at low fields reveals a decrease in
spin susceptibility s consistent with singlet spin pairing. The field dependence of the spin-lattice
relaxation rate at 100mK exhibits a sharp crossover (or phase transition) at a field Hs ∼ 15kOe, to

a regime where s is close to the normal state value, even though

 

Hc2 ≫ Hs.

But at low field there is a Knight Shift shift?



Back to Magnetic Field Induced 
Decoupling/Decoherence
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Lebed’s
 

magic Angles

Something happens when 
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/ωc

 

= p/q
 

rational
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A.G. Lebed, “Anisotropy Of An Instability For A Spin-Density Wave-Induced 
By A Magnetic-Field In A Q1D Conductor”,  JETP Lett. 43, 174 (1986).
A. G. Lebed, P. Bak, “Theory Of Unusual Anisotropy Of Magnetoresistance

 

In 
Organic Superconductors”, Phys Rev Lett

 

63, 1315 1989

Lebed
 

Magic Angle Effects



ky
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B B

Recip
 

space Real space

Commensurate Orbits correspond to field directed
between real space chains

⊥

Magic Angles Lattice Vectors

Presenter�
Presentation Notes�
In fact, the commensurate orbits correspond to the magnetic field oriented along the inter-chain directions. This is because the real space is normal to the reciprocal space and the motion of electron is normal to the magnetic field.  Therefore, the magic angles correspond to the real space lattice vectors. �
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Strong, Clark, Anderson 
PRL 73, 1007 (1994)

Quasi-particle coherence

b

c Basic Idea: 
Coherent-Incoherent Transition
above Threshold Hperp

 

field
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Field induced inter-chain decoupling
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What is the coherence?



SC Phase coherence at Magic Angle Planes

N.P. Ong, W. Wu, P. M. Chaikin and P. W. Anderson, EuroPhys. Lett. 66 (4)

 

579

 

(2004)
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Moon-Sun Nam, Arzhang

 

Ardavan, 
Stephen J. Blundell & John A. Schlueter
Vol

 

449 4 October 2007    1038/nature  06182
Vortex Nernst

 

enhanced
Near Mott Insulator



Summary

•
 

2D organics -
 

S and D wave Superconductors, 
•

 
1D organics  -

 
Singlet and Triplet superconductors, 

•
 

Strong fields control dimensionality and coherence.

•
 

Organic Superconductors remain an exciting testing 
ground for low dimensional strongly interacting electrons 
with characteristic energies HTc/10

(TMTSF)2

 

PF6
STILL MOST REMARKABLE ELECTRONIC MATERIAL?
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