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1D 's: Thefirst compounds to show superconductivity in organic matter (in 1979)

-first low dimensiona materialsto reveal spin density waves
-diding o the SDW also shown

-magnetic field induced SDW (FISDW)

-bulk quentized Hall effect

-spin-Peierls

-angular dependent magneto resistance

-charge ordering

-exotic superconductivity

-non-Fermi liquids expeded, spin- charge separation

Most 1D materials are based on the fulva ene molecular skeleton

-Fabre-Bechgaard family of organic cation salts (TMTSE/TMTTF),X
-lsostructura series

-1D structural features --> 1D electronic properties

-Role of pressure (hydrostatic and chemica)

-Need to study the parent compounds
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The Bechgaard moleaule and salt
TMTSF

(TMTSF),X, X=PFy,....ClO,.

10.2

Wa~ 10...20 Wb = 500Wc
Wa= 0.4- 0.8eV

1/2 hole per organic cation moleaule

TM,X should be 1D conductors « to a large extent »

=)  «Luttinger physics» ?

— e
TMTSF —— TMTSF*

2(TMTSF) + PRy -—-<--> [(TMTSF),PR]
at anode

Non aquous solvent (pure):THF

Bu,N*PF4 ‘

| E
electrolyte

K.Bechgaard. JACS. 1981,103,2440
P.Batail, Chem Mater.1998,10, 3005-3015 ‘
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QuasiParticles--> collective modes

spin or charge

e Fermi statistics 4+ fermion-fermion interactions Density of states:

o Pauli principle restricts scattering near the Fermi sphere

e ‘Dressed’ particle and hole states near Pr with
[ o lifetime 7 o (e — Ep) % — oo at Pr (T =0K) |

o correspondance (P,a) — (P.o)

—>|c0ncept of quasi-particles at low energy

— effective mass m’ @ e s
. o L Fermi distribution:
— finite quasi-particle-weigth 7

— collective modes: zero sound and paramagnons

nfk)

0 k

) = )~ k=] !

Bosonic excitations of collective modes,
spin or charge

Gz, 7) = — (Trp(x, 7)7(0,0))

_-i-l-.ﬁs:;-;?: 1

&
)~ e

| Two patidle corrdations, SOW, SC
xspw(x) = (S(z) - S7(0))

ow (2kp, T') ~ | —

- pi2kya xsow (2kp, T) I
;FL+I{J,

v=1-K

No long range order at F
T=0K
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Casux 1984

HOMO LUMO separation o acceptor < dispersion

o ----> A very 1D eledronic compound
----> Overlap of bands
%, --—->Non commensurate band filli ng, TTF+0.76

CDW on Ni dmit chains (LUMO) at 40K

All other bands day metalli c & low temperature
Transport and NMR data

--->the cae for ametalli c Luttinger chain

TTF [Ni(dmit),], 1bar

R(300K)/R (4K)=310 /

p(M-T
at cohstant volume

~

¢ 15

logyy [R/RWK]

10 20 %0 90 300
TiK)

~

Canadell et-al JPhysique 50, 2967, 1989 Brossrd et-al PRB 42, 3935 1990

Linge liqud behaviou

. TTF[Ni(dmit)z]: 1D metallic system (~ Luttinger liquid)
Nuclear relaxation:

30

I = GTNT) + €T

20

~10% UKD
'
1

Uniform + staggered [AF) contributions

(i

—

l—.-b—«—-‘—‘l—'_'___‘—‘.__‘-/

T(K)

Lutti liquid prediction:
VR IR presiian P.Wzietek et-al Eur.Phys.Lett 1998

I L
0 3
0 30 100 150 200 250 300
|

T]'[ {TT| ]—I f_”‘“ x.’{T} 4+ (-T| T
—TXZU‘)
y=1-K,=0.6
T K,=>0.4
() |

’TTF[Ni(dmit]g]: 1D metallic system (~ Luttinger liquid)
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i ]
_ 100 No long range order 4 Isostructural compounds
< I ]
n Insulator | Metal
2 |
& 10 | 3
Lt 1
% 1 ] I
o SP SDW I ] ) o
- 1 1 | Thefirst compound in which
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Combine chemistry and high pressure studies

All compoundsin the FB series have a cetre of symmetry between the molecules
Stack dimerizationis alowed
VA filled ---> 1/2 filled

From Gallois
+a+b+c
Y S.LLLLLE N
Sz d2

I

a I ||

A . i

Teb Sy Idv 2K
- _‘—L - a
TMTTFE TMTSF

PF6 Clo4 Br PF6 Clo4 NO3
A=d,-d, |0.1. 0.04 0.03 0.03 0.01 0.01

Smaller dimerization =stronger metallicity --> Umklapp scettering,| Emery et-al 82
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Renormali zation flow
0;= Umklapp interadion => Mott locdlisation

g3
~_t S
/ Kp<Kp [0 Mottinsulator
critic
1 Kpér
Commensurability 2 K, y =1 Weak repulsive inter actions
criue ----> | nsulator

Commensurability 4 === Kpcritic=0'25 Morerepulsive
inter actions needed

(case of TM,X) T.Giamarchi and H.J.Schulz

Transport and susceptibility in TM,X
_ . . B —
g P=1bar (TMTTF),PF, Tll.f' {PE
G b e 12
N’
a (TMTTF),Br -
Y |
0tk o
'w;_u.ﬁ L
102 [ =
(TMTSF)PF, GA L
104 }
10+ i ; . ; g ;
i 50 103} 15¢. 200 250 3
T
104
105 1 (TMTSFLCIO
" sow p degree of freedom
S | - decoupled from @
1 10 100
T{K)
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TSN GONGUGIIVIGY VS N T

Lorenz &-al, Nature 418 614, 2002
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/*m
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0 10 200 [] 100 200
Temperetira ) Termperaturs (<)

Conductivity from carriersvia Wiedman-Franz law!!
Heat iscarried by spin fluctuations
Spin-char ge separ ation observed

60

7 (/’r
T (Br)

2 g et 1 |

B¢ (TMTTF).PFy

o BOTMTTE),Br

T, (PFs)

L

I- 5
B~ 15001
- 7746 (TMTSF)2PFy;
0 2Ty T o
10001
T =TT +C (K, =0)

500

|
2.0

2.5

T =CI\*(T)+CT% (K, > 0)
No char ge gap

X2 T(au.)
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(0]
S-S s -Me K.Heuzé PBatail
(=T %
7 3
E ' =) NO
+AsFg dimerization
Molécule de EDT-TTF-CONHMe, vue de profil
(x,1.5+y,-0.5+z)
W W 9.8 P D N N N
rbungg - [;r\/
(x-1,y,2) II (x,y,2) (x+1,y,2) 10.0 0 | —
(x,1.5+y,0.5+z) 0.2
X r z
Shvevs hescs s
W =0.3eV, u/w>1
Largeinterchain couplng!
But strong renormalizatinof t__
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a
';b

¢ PBaail et-d

“P‘
- N 1 ¢

“ 5 R : . o < ?J M D ‘
P21/C \/
glideplanes @ 1/4 and J4 dong b

No center of inversion between molecules

Figure 1. Themonoclinic unit cel of [EDT-TTF-CONMe,],AsF,. The anionsare
at centers of symmetry.

Figure 3. A perspedive down the crisscross sacksin [EDT-TTF-CONMe,] ,Ask;
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\/W
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z
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E.Canadell ,Barcdona

Very large gap
a0’
10° 1
— ] [/(2-2nK )
}c“; ' 2Ap =W 1l2n%
E w0’ 1
> v
o : = 1 O = UW and Oy = UD\_ND .
04 :
912G
03l - ]
e 0T e 1 The caeof 1/4 bandfilli ng
il e . ° 1 U EF/(1—4Kp)
| i 20, =WE [
a0 Ca s . ; , ;
0 5 10 15 20 25

Pressure (kbar)
3INW/dp=0.7%/kbar from optics under presaurein TTF-TCNQ, Welber et-al PRB, 1978

Dr. Denis ¥ rome, University Paris Sud, Orsay (KITP Correlated Eledrons 11/05/02) 11



Fabre and Bedhgaad Salts with their Various CrossOvers

(EDT-TTF-CONMe,)AsF,

J EPR susceptibility

spin-Peierls ground state

%(0) % 0 (10% (290K))

All intermoleaular bounds are identica
Locdized regime =optimization o
coulombic forces

3.4 .
— Walls between zig and zag configurations
1ol | P= lbarJ . . f . .
. S FURT L A --> freespinsnot involved in the formation d a
] e ) Spin-Peierls snglet ----> freeHeisenberg chaing
TR B
“ e Density of free diains = 35%
= o8 Ees
& <l
§ 0.6 pi
. Analoguousto the freeradicdsin undogd
oAy s T Cis-polyaceylene---> spin solitons
02 [#F
s Tep=30K
0 = - -
0 S0 100 150 200 250 300

T(K)

Jfrom R. Clérac and C. Coulon

© © © © © 4ke Mott locdization
_|_,_|_|_.__|_,_|_|_._|_|_._ with otimized Coulomb repulsion
at high temperature

_“1‘_ N o }_“ 1_“ T Strongrigidity alongthe chains

T i '"1 IO '"}" Formation o transverse spin singlet +
___1._}__ *___ }-- 1___ 1___ lonely Heisenberg chains (domains)
“"“}“%‘**“‘1“‘{“‘}’1“‘"1“‘}“ Also the possbility of asinglet groundstate

oy,
L
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Insul ator Metal

100¢
Mott/LL crossover

TEMPERATURE(K)
o

SP SDW /
»
w -
SC
PRESSURE —
| - \ | 5 kbar
\ ! : | i
l LA? | +
W S u g D.J Science 252, 1509, 1991
a, L o a, ™
[N ~ i
™ o L 7
-1
E EE g =

... maps system of coupled chains

* S.Biermann et-al,
Cham-DMFT sss  PR[ 87, 276405-1,2001

e

2

Coupled chains of
interacting electrons

onto an effective chain problem

] D

1D dectronshop tothe

G-

~with a self-consistency condition

self-consistent bath

The mean field istimedepeqdew\n

LR

Dr. Denis ¥ rome, University Paris Sud, Orsay (KITP Correlated Eledrons 11/05/02)

13



Fabre and Bedhgaad Salts with their Various CrossOvers

K
PofR -

os-MI-->LL .

FL

1/2 filled Hubbard mode

i

1 | |
0] .05 0.10 015 tP 020

[I. W

Deconfinement: 1D Mott--->LL

From S.Biermann et-al, PRL and cond-mat/0201542
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EPJ-B, 2002

purely 1D compound
from the structure

HOMO TTDM-TTF -Non-symetrical molecule
-Nointerchain coupling between S-Sit
-Orthogonal Au(mnt), anions

-Strongintra chain dimerisation
On-site potential--> 1/2 filled

-9.6

99w,

Energy (eV)

-10.2

P.Auban, EPJ-B,2002

1000 v 4
T (TTDM-TTF),Au(mnt),
800 [
o ooof - (TMTTF 45 TMTSF o 5)Re0,
Lum
400 -
________ TMTTF,PF,
200
P(M) =P, exp (E,/T)
T T s o s w
Pressure (kbar)
TTDM-TTF:
-A Mott insulator, gap= 1750K
12filled negligible pressure dependencein 25 kbar

-Situation: Mott gap >> interchain coupling, and stays under pressure
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Insul ator Metal
_100¢
X
W TTT T T T T e ]
o RS
E LL P FL ' crossover]
£ 10f \
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| o PRESSURI—% 5 koar
| |
{ el * .
e Sy g 2 D.J Science 252, 1509, 1991
a, L o a, N I
~ G ™ n
c &t & b

doped Hubbard chains

1 1
0.02 003

T 004
w

Dimensional cross-over: LL-->FL

From S.Biermann et-al, PRL and cond-mat/0201542
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Low T{=<tL) HighT (==1)
O

e

>
.

k, blurred by therm. fuct,

k. coherent ;
(confined L)

{deconfined)

----> At high temperature: 1D physicsis expeded

t ' i METAL

Tamparatire %)

Bl

% ?J;rml.-re (kbar)
(EOT-TTE -;:::Ns'q."-.»:r_ (TMTTFj X ——s  (TWMTGFRAE —
Two regimesin the FB phase diagram:

--The 1D regime 2A, >t A decreases—4%/kbar
--Faster deaease -> interplay between locdization and transverse @uging :the aoss over regime

Better knowledge of the inter play between Mott localization and crossover is needed
Use TMTTF,PFg to minimize the compressibility effect. No need for conversion at constant volume
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(TMTSF),PFs

T*

)

107%Q - em

=
=)

£(Q-cm)

Pal

0,0

0 50 100 130 200 250

High temper atureregime
T>T* (120K)

Moser et-al
EPJB 1, 39, 1998

holon-->¢d edron->hd on

G

chain 2
t t ”

C

q\: chain 1

time

Transport dlong cisincoherent (optical data)
Conductivity probesthe density of quasiparticles
inthea-b plane

P a T8 e K, =023 <= pM=T™

Low T regime

P, « Fermi like»--> T2

p. incoherent

4e’ct? de f(e) - f(e +hw)
o (w) :Afdx'.[—
h

2 hiw
X Ap(X,E)Ap (X, €+ hiw)

A.Georges et-al PRB 61, 16393, 2000

No congtant volume conversion needed

for this compound
700 EHNEIRE L VR LA UL WL B
i ﬁ 14 % (TM-II-/I-/F)zst 3
600 |33 "4 £ 1b
LI %\\ y , 09102002 . 65 Kbar
fRa 1- e3kbar
e SO0 FEE 2 12.2 kbar
5 e 13.25 kbar
a 400 L& ¢ 13.85 kbar
=z | 14.6 kbar
__;* 15.3 kbar
= 300 - 16.3 kbar
w o 16.8 kbar
% 200 L 18.2 kbar
[ 19.4 kbar
22 kbar
100 25.8 kbar
0 L T e L P TR L
0 50 100 150 200 250 300

Temperature (K)

P.Auban, recent data,unpublished
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700 —

T T T T T
600
L]
500 | © . .,
L]
400 o
LY }

300 LI
9 2| o ()
[ H a o
2 200 % "
g | -
8_ A
£ gy TMTSF,PF,
5 L TMTTF), PF. | .
o 188 Pressure (kbar) # ( )y PRy A Opticd gap

& (TMTSF), PF, O Crossover

p llc

50 1 a1 AR T S Y TR T N Y ST SN S AN SN TN TN TN NN SN T Y

0 5 10 15 20 25 30

Pressure (kbar)

p. isesentialy dominated by the Mott gap = _
at low presaure,

At the highest presaure --> L uttinger metal

=085 K=020 = [BADETE

P, =exp AKT, T<<A

or T 16Kp-3 T>A

(TMTTF),PF,

-->Example 19-20 kbar:

(wogy) °d

Mott adivation energy=200K
Pe, --> crossover at 150-200K

1
S

P, =T 16p-3 (o T) above the Mott gap
20 kbar 2
{ //~—\\ and T2 below crossover

0.01 ¢ |

V 19 kbar
-->14 kbar : crosover is below the Mott gap
B T e palooks metallic even when the Mott gap
Temperature (K) is dill fairly large
P gives a better measure of the Mott gap
Moser, et-al 1998
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Insulator Metal
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C.S. Jambsen PRB 28, 7019 1983
10000 TMTSF, PR,

Ella
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5 10" P
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- 0 S T
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Constant spedral weight in the Drude mode
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Drude description d the conductivity

ofa) ==

1+ o’r?

Nea 12K, 0(0) =3.105 cm* and 3,=9900cm*

-->1ft=4cmland
--> too much conductivity in the FIR regime

@ eff @2

*

-->Large DC condctivity dueto a zeo frequency colledive mode

T.Timusk, 198386 !

Plasma frequency Qp=500cm ! from the zeo of the dieledric constant ~ 0L<

(TMTSF)ZClOL

\
|

T=2K

i S
\ GDCWO (Qcm)

‘/”)\/cokkecﬁve mode
1

-~

- } -

}

i
Drude conduction
‘\‘/ with 1235 cne

oY)

Conductivity  (10% (Remy' )

1 1 1 1
0 40 80 120 160 200
Wavenumber {cm™')

n i
Oscill ator strenght up to w J'G(w)dw = gT =1% of total with N
0

T(K) 2 10 25
y.cm® 0005 004 Q09

7,
2 * 'Se in (TMISFl, PR

k Hoz 319 KGst’ L 1 bar

7,74

8a

(TMTSF),Cl0,
P =1bar

o

Aqa o

3
@ o

TEMPERATURE (K)

T, anomaly attributed to the dimensional crosver T*

In the pertubative RG approach T = to(t, /t)“’(l'“)

provides T *~2-3K with K,=0.23,
o 0.6

-->T* much toolow
compar ed to the crossover
observed by transport or optics

10 20 30
TEMPERATURE (K)

Absenceof SDW ground state
Cannat be atributed to precursor effeds?
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1/2 filled Hubbard mode

S.Biermann et-d
8 T T
"u["’; | Inter-chain optical conductivity:
M ott gap +Drude peak, with tinyl weight
A ]
S i
ot N e
it
oG 05 o 1.0 15
w
1.0 T T
W]
G ol --Fermi surface analogous

to the non-inter acting coupled chains

i & Explainsthe angular magnetor esistance giving
! D - thebarecoupling values
|2

|

[ ]
o
T
T e e ]
ol
I

(Danner-Chaikin oscillations)

:l—,\-

=

T
o=y

-0.5

G-GJ
1

£ & --Weak modulation of the QP weight on the FS
[N ; !
-1.0 : h I n l
~1.0 0.5 D 05 k 1o
a
o TMTSF,CIO, Hilc or b
- 3-6Tedlas
- ’
0 - R data Creuzet,
° g Wozietek, 1986
) -7
e ° ° ;/
° .l
40 o RS
L7 ——-. Magreticrelaxaion
—— Drude relaxation
20
o L | !
0 10 20 T(K)
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In presence of a charge gap, K, = 0: Strong coupling .
60~ Y (TMTTF).PFy /

= 1500/

sy T
0 Tp 1000k

T =TT+ C (K, =0)

500

i !
r 0.5 1.0 15 20 25

\iT(‘rl )
T-' = CyTA(T)+C T (K, > 0)

No charge gap

Cross over dueto aMott transition
with in situ doping T.Giamarchi

Existence of solitons close to commensurability
---> narrow Drude peak

with small spectra weight (doping/A) R k
-
---Their motion is relaxing for the nuclear spins //ﬂ[ﬁ/ .

viahyperfine coupling modulation
UT,--->1, A?x (Boltzmannfactor)-->t T 12

---Like relaxation in semiconductors

The dfective number of carriersisincreasing
at low temperature,

1T ,--->Neft T 12
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)
—
& TMTSF,CIO, Hilcor b
i\ 3-6Tedas
—

-

60 -

40

20

0 - | |
0 10 20 T(K)
Theory of the relaxation at low temperature must be revisited!!

Perspectives:

- Make an incommensurate anductors and ched T, and transport vs T
- Reinterpretation o NMR at low temperature,
- Microscopic study of the superconducting state,
role of non magnetic impurities,
quasiparticle excitations in the SC phase, acoustic atenuation, NMR Knight shift and T,

- High fidd studies of the FISDW, role of anionsin TM2ClIO4?
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al organics are interesting !!

Paul Chaikin

D.J
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