
This article was downloaded by: [Tomsk State University of Control Systems
and Radio]
On: 20 February 2013, At: 12:40
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Theory of the Phase Diagram of
the (TMTSF) 2X Salts
Kunihiko Yamaji a
a Electrotechnical Laboratory, Ibaraki-ken, 305,
Japan
Version of record first published: 17 Oct 2011.

To cite this article: Kunihiko Yamaji (1985): Theory of the Phase Diagram of the
(TMTSF) 2X Salts, Molecular Crystals and Liquid Crystals, 119:1, 105-112

To link to this article:  http://dx.doi.org/10.1080/00268948508075142

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948508075142
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.
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THEORY OF THE PHASE DIAGRAM OF THE (TMTSF)2X SALTS 

KUNTHIKO YAMAJI 
E l e c t r o t e c h n i c a l  Labora to ry ,  Iba rak i -ken  305, JAPAN 

A b s t r a c t  The theo ry  of t h e  t i t l e  i s  developed on t h e  SDW 
phase and t h e  r e e n t r a n t  supe rconduc t ing  r e g i o n  on t h e  b a s i s  of 
2D t i g h t - b i n d i n g  band model. Q u a n t i z a t i o n  of c l o s e d  o r b i t s  i s  
shown t o  l e a d  t o  t h e  m a g n e t i c - f i e l d  induced SDW. 

INTRODUCTION 

Most peop le  s t u d y h g  t h e  Bechgaard s a l t s  (TMTSF) X (X=PF6, AsF6, 

b C 1 O  e t c . )  t h a t  t h e  r a t i o  of t r a n s f e r  e n e r g i e s  ta and t 

a l o n g  t h e  a- and b-axis  d i r e c t i o n s ,  r e s p e c t i v e l y ,  is around 10 and 

t h a t  t 

a u t h o r s  c 3 y 6 y  a s s e r t e d  t h a t  t h i s  unexpec ted ly  l a r g e  v a l u e  of t 

d e s t r o y s  SDW and makes s u p e r c o n d u c t i v i t y  appea r .  T h i s  two- 

d imens iona l  (2D) p i c t u r e  w a s  opposed by t h e  1 D  v i ewpo in t , '  which 

c l a i m s  t h a t  SDW v a n i s h e s  s i n c e  t h e  Umklapp p r o c e s s  i s  weakened - 
The f i r s t  h a l f  of t h i s  p r e s e n t a t i o n  s k e t c h e s  ou r  main r e s u l t s  on 

t h e  phase diagram on t h e  b a s i s  of t h e  2D band model and expe r i -  

men ta l  ev idences  s t r o n g l y  s u p p o r t i n g  t h i s  scheme. The second h a l f  

aims a t  c l a r i f y i n g  t h e  p u z z l e  of t h e  m a g n e t i c - f i e l d  induced SDW 

(FI-SDW). On t h e  b a s i s  of t h e  p r e s e n t  model s e m i c l a s s i c a l  

q u a n t i z a t i o n  of t h e  o r b i t a l  motion under  t h e  f i e l d  is shown t o  

a c t u a l l y  lower t h e  energy of t h e  SDW state,  l e a d i n g  t o  FI-SDW. 

2 

4 

is  s m a l l e r  t han  tb by more t h a n  one o r d e r .  But on ly  few 

b 

SDW OF THE ANISOTROPIC 2D HUBBARD MODEL 

3d The e l e c t r o n i c  band of t h e  Bechgaard s a l t s  can be  reduced t o  

E~ = - 2 t  cos a.k - zt,, c o s ( h * k  T e ) ,  f o r  a*&>< 0, (1) - 

105 
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106 K. YAMAJI 

where a i s  t h e  h a l f  of t h e  a c t u a l  u n i t  v e c t o r  i n  t h e  s t a c k i n g  

d i r e c t i o n ;  i s  t h e  t r a n s v e r s e  u n i t  v e c t o r  p a r a l l e l  t o  t h e  TMTSF 

s h e e t .  tb and 6 depend on t h e  t r a n s f e r  e n e r g i e s  between neigh- 

bor ing  molecules  and b u t  when ta>>t 

b e  considered as c o n s t a n t s  having t h e  v a l u e s  d e f i n e d  around t h e  

F e m i  s u r f a c e .  I f  we  use  t h e  v a l u e s  of t r a n s f e r  e n e r g i e s  obta ined  

by Grant ,4  t h e  v a l u e  of 8 f o r  t h e  Bechgaard salts  is es t imated  a t  

around -20". This i s  too  l a r g e  f o r  t h e  commensurate SDW t o  be 

r e a l i z e d ,  which i s  t h e  p r e r e q u i s i t e  f o r  t h e  Umklapp process  t o  

work. 

i n  t h e  fol lowing.  Making e lec t ron-hole  r e v e r s a l ,  we  assume 0.5 

e l e c t r o n  per  molecule ,  which g i v e s  t h e  Fermi wave v e c t o r  k =a/4a.  

p i e c e s  of t h e  Fermi s u r f a c e  w e l l  nest '  w i t h  t h e  n e s t i n g  n e c t o r  

Qo=(2kF, n i b ) ,  which is c a l l e d  opt imal  wave v e c t o r .  With t h e  a i d  

of t h i s  1D-like f e a t u r e ,  t h e  Coulomb i n t e r a c t i o n  between e l e c t r o n s  

d r i v e s  SDW. For  s i m p l i c i t y  w e  employ as our  model system t h e  

Hubbard Hamiltonian def ined  by t h e  i n t e r a c t i o n  c o n s t a n t  I and t h e  

one-electron energy g iven  by eq. (1). SDW makes t h e  gap, t h e  

magnitude of which w e  denote  by 2M, around t h e  p o s i t i o n  where t h e  

Fermi s u r f a c e  is  s i t u a t e d  i n  t h e  normal s ta te .  T h i s  p o s i t i o n  of 

t h e  SDW gap i s  s i n u s o i d a l l y  s h i f t e d  around kF, i n  t h e  k -coord ina te  

depending on k A l s o  t h e  l e v e l s  of t h e  top of t h e  lower band and 

of t h e  bottom of t h e  upper band on t h e  both  s i d e s  of t h e  gap have a 

weak dependence on k as shown i n  Fig.  la .  The ampli tude of t h i s  

undula t ion  is g iven  by 

as i s  t h e  case ,  they can 
b y  

Since except  f o r  it t h e  phase 6 p l a y s  no r o l e ,  we  assume 8=0 

F 

b y  I n  s p i t e  of t h e  warping due t o  the f i n i t e  va lue  of t t h e  two 

X 

Y '  

Y '3a 

E~ = t'cosx b F a  f 2 t  s inLxF,  x F = a k  F '  

When E < M  at temperature  T=O K ,  Mo be ing  M a t  T=O K,  t h e  
0 0  

upper and lower band do not  over lap .  

s o l u t i o n  Mo=4tasin x /cosxF*exp(- l /N(0)I)  , where N(0)=Nsite/ 

4n t  s inxF 

of t h e  1D system. 

Then t h e  gap equat ion  h a s  t h e  
2 

F 
is  the s t a t e  d e n s i t y .  This  i s  t h e  same as t h e  s o l u t i o n  

But when E ~ > M ~ ,  carrier pockets  appear ing  due 
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THEORY OF THE PHASE DIAGRAM OF THE (TMTSF),X SALTS 107 

FIGURE 1 Extremum c u r v e s  of upper  and lower bands i n  t h e  c a s e  
of ( a )  t h e  u s u a l  SDW, (b )  SDWL and ( c )  SDW3. H a t c h e d p a r t s a r e  
occupied by e l e c t r o n s .  

t o  t h e  o v e r l a p  between t h e  upper  and lower bands make such  a b i g  

n e g a t i v e  c o n t r i b u t i o n  to  t h e  gap e q u a t i o n  t h a t  we have  no more a 

s o l u t i o n  which can b e  c o n t i n u a t e d  t o  t h e  one f o r  It i s  

i n t e r e s t i n g  t o  n o t e  t h a t  t h e  d i f f e r e n c e 3 b  of t h e  ground s t a t e  

E ~ <  Mo. 

2 2  
energy between t h e  SDW and normal s t a t e  is N ( O ) ( E ~ - M ~ ) .  

T h e r e f o r e ,  w e  g e t  t h e  c o n d i t i o n  E ~ <  Mo o r  an upper  bound t of 

tb f o r  t h e  e x i s t e n c e  of SDW. t i s  g i v e n  by b , c r  

b , c r  3d 

= (3 .53 TSDW (0) t a s i n  2 x / cosx  ) 112 , 
F F t b , c r  

( 3 )  

where TSDW (0) i s  t h e  mean f i e l d  SDW t r a n s i t i o n  t e m p e r a t u r e  TSDW i n  t h e  

l i m i t  of t =O.  Th i s  upper  bound is s imilar  t o  t h a t  t o  t h e  t r a n s -  

TSDW v e r s e  coup l ing  f o r  t h e  3D-coupled quasi-1D P e i e r l s  system. 

w a s  n u m e r i c a l l y  c a l c u l a t e d  and shown i n  F i g .  2a. 

Gor'kov e t  a l . loa  and H6rit ier a t  al . lob used f o r  convenience 

of t r e a t m e n t  a term mcos2bk as d e s t r o y i n g  Fermi s u r f a c e  n e s t i n g .  

But t h e  d i r e c t  t r a n s f e r  ene rgy  g i v i n g  t h i s  term is  n e g l i g i b l e .  

A s i m i l a r  term r e s u l t i n g  from d i m e r i z a t i o n  g i v e s  a c o n t r i b u t i o n  

s m a l l e r  by one o r d e r  t o  t h e  u n d u l a t i o n  of t h e  band extrema. 

9 b 

Y 

The most p r e c i s e  v a l u e s  of  tb and t t h e r e f o r e  tb,cr,  can b e  
o b t a i n e d  from t h e  plasma f r equency  d a t a  5 a '  as i n  Tab le  I. Closeness  

of tb and t is amazing and s t r o n g l y  s u p p o r t s  ou r  c l a im t h a t  SDW b , c r  
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I08 K. YAMAJI 

1 

1.5 

Y - I ’  
I- 

0.5 ’ 

’ - 

0 

FIGURE 2 (a) Curve of TSDW vs  t b  and (b) f i r s t - o r d e r  tran- 
s i t i o n  temperature Tgl) between the  SC and SDW phases a s  a 
func t ion  of tb. ta 250 meV and T&& = 11.5 K were assumed. 

vanishes,  under pressure  o r  depending on the  f ea tu res  of t he  anion, 

o r  E exceeds Mo. E~ has  tendency t o  because tb exceeds tb , cr 

increase  under pressure  and M t o  decrease. The s t e e p  descent of 

TSDW i n  the  TP-phase diagram”’ a t  t he  approach of pressure  P t o  

i t s  c r i t i c a l  value can be w e l l  understood from the  f a c t  t h a t  TSDW 

f a l l s  a s  E~ approaches Moy o r  more simply a s  tb approaches t a s  

i n  Fig. 2a i f  w e  t ake  account of t h e  inc rease  of tb under pressure .  

tb is  composed of i n t e r s t a c k  intermolecular t r a n s f e r  energies.  

The one between the  molecules of t he  i n t e r s t a c k  c l o s e s t  contac t  has 

the  opposite s ign  t o  t h e  o the r s ,  g iv ing  a nega t ive  con t r ibu t ion  t o  

tb.4 It tends t o  change sign3d when t h e  angle  between the  c l o s e s t  

Se-Se contact and the  molecular plane inc reases ,  which is  p laus ib l e  

t o  occur under pressure .  

The r een t r an t  region i n  t h e  PT-phase diagramlla was found the  

0 

b , c r  

3d 

purely superconducting (SC) phase, which rep laces  the  SDW phase 

simply because i t s  free energy is  Therefore the  boundary 

X ta(meV)tb(meV)tb cr(meV) TABLE I Values of ta,  t b  and t b , c r  
I of (TMTSF)2X. The da ta5  of plasma f r e -  

C104 265 26.0 25.6 quencies w p l , i  were analyzed by means 
of t h e i r  expressions taking account of 

PF6 245 22.8 24.6 obliqueness between a and b and of t h e  
co r rec t ion  from t b  t o  w p l y a .  

AsF6 287 22.4 26.7 t u r a l  da t a  came from Ref.7 of Ref.4. 
Struc- 
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THEORY OF THE PHASE DIAGRAM OF THE (TMTSF),X SALTS 109 

between them must b e  of t h e  f i r s t - o r d e r .  T h i s  n a t u r e  w a s  r e c e n t l y  

observed by Azevedo e t  a l .  The phase  boundary T;l) i n  F ig .  2b 

which w a s  ob ta ined  by adding a BCS-type i n t e r a c t i o n  t o  o u r  Hubbard 

model has  n i c e  f e a t u r e s .  S o l u t i o n s  a l lowing  c o e x i s t e n c e  of b o t h  

o r d e r s  were looked f o r  b u t  only an u n s t a b l e  one was found. 3b 

SDW WITH SHIFTED WAVE VECTOR AND FIELD-INDUCED SDW 

Shubnikov-de Haas (SdH)-like o s c i l l a t i o n  of t h e  magneto- 

and ESRlZb s t u d i e s  and H a l l  v o l t a g e  r e s i s t a n c e ,  

experiments16 have e s t a b l i s h e d  t h a t  t h e  magnet ic  f i e l d  p a r a l l e l  t o  

t h e  c*-axis induces ,  from t h e  normal s t a t e ,  SDW states (FI-SDW) 

w i t h  c a r r i e r  pockets  of 0 . 3  - 1% of t h e  B r i l l o u i n  zone. T h i s  s i z e  

of c a r r i e r  pockets  can e x i s t  only when t h e  SDW wave v e c t o r  is 

s h i f t e d  from t h e  opt imal  one 4 . I n  t h i s  second p a r t ,  w e  see t h a t  

such a s h i f t ,  s l i g h t  b u t  enough, i s  e n e r g e t i c a l l y  p o s s i b l e  around 

t h e  precedingly  obta ined  phase boundary even i n  t h e  absence of 

f i e l d .  Then t h e  o r b i t a l  q u a n t i z a t i o n  under f i e l d  i s  shown t o  

a c t u a l l y  lower t h e  energy of t h e  SDW s ta te ,  l e a d i n g  t o  FI-SDW. 

2b , 1 3 , 1 4 , l l  b NMRl 5 

The p o l a r i z a t i o n  of t h e  SDW magnet iza t ion  i s  a long  t h e  b-axis .  

The magnetic f i e l d  H i s  a p p l i e d  p a r a l l e l  t o  t h e  c-axis .  Then w e  

g e t  t h e  fo l lowing  e f f e c t i v e  Hamil tonian:  

H e f f  = 
& [ - 2 t  cosak - 2 t  cosb(k -(ieH/c).a/akx)-~BHo-U]Cita ko a x b  Y 

ko 
+ 
k+ k-Q$ k-Q4 k4 

- [iM(C+ C+ ++C-!+ C + )  + h.c .1  , ( 4 )  

where w e  t a k e  account  of t h e  e f f e c t  of t h e  f i e l d  through o r b i t s  and 

a l s o  of t h e  Zeeman term. The s h i f t e d  SDW v e c t o r  i s  d e f i n e d  by 

Q=(2kF(l+s) ,  (n-2@)/b);  s and @ d e f i n e  t h e  s h i f t .  

e i g e n v a l u e s  Eio of eq.  (4) t h e  energy of t h e  system i s  g iven  by 

I n  terms of t h e  

a s  a v a r i a t i o n a l  f u n c t i o n  of M ,  s and $I. Chemical p o t e n t i a l  p i s  
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I10 K. YAMAJI 

Y 

0 -50 

I 
W 

I 

4 -m- 
I i kt 

FIGURE 3 
i n s e t  shows an example of quant ized  l e v e l s .  

EsDW-En v s  magnet ic  f i e l d  H f o r  tb=326 %. The 

always a d j u s t e d  t o  keep t h e  e l e c t r o n  number c o n s t a n t .  

of SDW appeared as t h e  ground state3c; one (SDWZ) a t  t b - ( t b , c r  - 
1 kB, tb,Cr + 2 k ) and t h e  o t h e r  (SDW3) a t  t b z  tb,cr + 2 kg. Band 

extremum curves of t h e s e  s ta tes  are shown i n  F igs .  l b  and lc .  They 

have a carrier pocket of o r d e r  of t h e  observed s i z e .  S ince  M of 

SDW3 i s  very small, l e a d i n g  t o  TSDW3-0.01 K ,  i t  does n o t  es- 

s e n t i a l l y  modify t h e  argument on t h e  upper bound of t 

I n  t h e  c a s e  of H=O, a f t e r  minimizat ion of  eq. (5) two new type  

B 

b '  
When H f O ,  Heff  i s  reduced t o  a m a t r i x  of very b i g  s i z e .  I n  

s t e a d  of s o l v i n g  i t ,  quantum l e v e l s  were obta ined  by apply ing  t h e  

s e m i c l a s s i c a l  q u a n t i z a t i o n  ru le ' ?  t o  t h e  c l o s e d  o r b i t s  formed i n  

t h e  SDW-reorganized band under t h e  f i e l d .  The area of t h e  c losed  

o r b i t  i n  t h e  k-space is equated t o  2neH(n + O.S)/c. The o r b i t a l  

degeneracy of each quantum l e v e l  i s  N abeH/2nc. Concerning t h e  

p a r t  of t h e  k-space where t h e r e  are only open o r b i t s ,  w e  use  t h e  

same s t a t e  d e n s i t y  a s  t h a t  i n  t h e  absence of f i e l d ,  s i n c e  i t s  

modi f ica t ion  by t h e  f i e l d  t h e r e  i s  minor. 

s i t e  

Figure  3 shows ESDW s u b t r a c t e d  by t h e  normal s t a t e  energy E 

as a f u n c t i o n  of  H w i t h  f i x e d  parameter  v a l u e s  M=M =20.46 kB and 

s=Q=o. t =326 k w a s  chosen s i n c e  t 2325 .6  kB i n  t h i s  case  

w i t h  ta=3690 kg and T6;&=11.5 K. I n  o r d e r  to conserve t h e  
b B b , c r  
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THEORY OF THE PHASE DIAGRAM OF THE (TMTSF),X SALTS I l l  

number of s tates t h e  above r u l e  w a s  s l i g h t l y  mod i f i ed ;  e .g . ,  when 

t h e  number of s ta tes  con ta ined  i n  t h e  q u a n t i z e d  l e v e l s  exceeds t h a t  

i n  t h e  c l o s e d  o r b i t  r e g i o n ,  t h e  open o r b i t  r e g i o n  is c u t  i n  

computing eq.  (5) and i n  t h e  o p p o s i t e  c a s e ,  a n o t h e r  q u a n t i z e d  l e v e l  

is added i n  t h e  open o r b i t  r e g i o n  i n  n o t i n g  Ref.  17b. The cu rve  

c l e a r l y  shows t h a t  t h e  q u a n t i z a t i o n  of o r b i t s  d e c r e a s e s  E and 

t h e r e f o r e  induces  SDW. The d e c r e a s e  co r re sponds  t o  t h e  sus -  

c e p t i b i l i t y  i n c r e a s e  by 40% of t h e  P a u l i  paramagnetism, which i s  i n  

good agreement w i t h  t h e  obse rva t ion .18  Th i s  d e c r e a s e  of energy due  

t o  t h e  l e v e l  d i s c r e t i z a t i o n  o c c u r r s  s i n c e  when t h e  dN(E)/dE < O  i n  

t h e  absence of f i e l d ,  t h e  q u a n t i z e d  l e v e l  i s  lower t h a n  t h e  a v e r a g e  

energy of a l l  t h e  s ta tes  which converge t o  t h e  former under  t h e  

f i e l d  and t h a t  a c t u a l l y  w e  see dN(E)/dc < O  i n  t h e  k-space r e g i o n  

of c losed  o r b i t s  i n  t h e  lower band ( s e e  F ig .  5 i n  Ref .  3 a ) .  The 

cu rve  i n  F ig .  3 p e r i o d i c a l l y  peaks when t h e  lowes t  quantum l e v e l s  

d i s a p p e a r  as t h e  f i e l d  is i n c r e a s e d .  

SDW 

S i n c e  F ig .  3 was o b t a i n e d  from t h e  v a r i a t i o n a l  f u n c t i o n ,  w i t h  

f i x e d  v a r i a b l e s ,  w e  can e x p e c t  t o  g e t  a lower energy by a d j u s t i n g  

M, s and + and t o  have s e v e r a l  minimum energy c u r v e s  as a f u n c t i o n  

of H ,  each of which is supposed t o  have a d e f i n i t e  number of 

quantum l e v e l s  i n  t h e  lower bands.  The real  minimum is g i v e n  by 

t h e  lower enve lope  of t h e  above-mentioned cu rves .  T h e r e f o r e ,  a s  

t h e  f i e l d  is i n c r e a s e d ,  t h e  system moves jumping from one minimum 

curve  t o  a n o t h e r .  Th i s  i s  cons ide red  t h e  t r a n s i t i o n s  observed i n  

t h e  H a l l  v o l t a g e  experiment  and a l s o  i n  t h e  SdH-like o s c i l l a t i o n .  

The r e c e n t  t h e o r i e s  of Refs .  10a and b c l a r i f i e d  t h e  FI-SDW 

i n s t a b i l i t y  from t h e  normal s t a t e  s i d e .  The p r e s e n t  one s t a r t e d  

independen t ly  and is an approach t o  FI-SDW from T=O K. 

CONCLUSIONS 

The mean f i e l d  theo ry  of SDW based on t h e  2D band w e l l  a ccoun t s  f o r  

t h e  d i s a p p e a r a n c e  of SDW i n  t h e  Bechgaard sa l t s  unde r  p r e s s u r e  o r  

depending on t h e  an ion  and f o r  t h e  f i r s t - o r d e r  n a t u r e  of t h e  
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t r a n s i t i o n  between t h e  r e e n t r a n t  reg ion  and t h e  SDW phases. A 

s l i g h t  b u t  enough s h i f t  of t h e  SDW wave v e c t o r  o c c u r r s  around t h e  

boundary of t h e  SDW phase having t h e  usua l  op t imal  wave v e c t o r .  

The q u a n t i z a t i o n  of c losed  o r b i t s  under t h e  magnetic f i e l d  lowers 

t h e  energy of t h e  SDW state and b r i n g s  i n  FI-SDW. 
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