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A b s t r a c t  
We r e p o r t  h i g h  f i e l d  m a g n e t o t r a n s p o r t  m e a s u r e m e n t s  and 

r e l a t e  them t o  a model which demonst ra tes  t h e  i n s t a b i l i t y  o f  a 2- 
D open o r b i t  Fermi s u r f a c e  caused by t h e  one d i m e n s i o n a l i z a t i o n  
of  t h e  e l e c t r o n  motion i n  a magnetic f i e l d .  

One of t h e  m s t  i n t e r e s t i n g  a s p e c t s  of t h e  (TMTSFj2X s a l t s  
i s  t h e  low tempera ture  magnet ic  f i e l d  induced s p i n  d e n s i t y  wave 
(SDW) s t a t e  1-7. The d iscovery  of t h e  threshold  f i e l d '  and t h e  
metal-semimetal  t r a n s i t i o n s  i s  unique t o  t h e s e  materials. The 
o r b i t a l  e f f e c t  of  a magnetic f i e l d  caus ing  a t r a n s i t i o n  is a l m o s t  
unknown i n  o t h e r  materials and t h e  f a c t  t h a t  t h e  Fermi  s u r f a c e  
(F.S.) c o n s i s t s  of nothing but  open o r b i t s  i n  t h e  m e t a l l i c  s t a t e  
makes i t  even more i n t e r e s t i n g .  

I n  t h i s  p a p e r  we w i l l  d i s c u s s  our e x p e r i m e n t a l  f i n d i n g s  
involv ing  t h i s  :ml;d~ t r a n s i t i o n .  The model which we p r e s e n t  
shows t h a t  an open o r b i t  t w o  dimensional  meta l  i n  t h e  presence  of 
a magnetic f i e l d  become u n s t a b l e  a g a i n s t  a F.S. d i s t o r t i o n .  T h i s  
i n s t a b l i t y  r e s u l t s  f rom t h e  one d i m e n s i o n a l i z a t i o n  o f  t h e  
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80 P. M. CHAWN af. 

e l e c t r o n  Lotion. 
The TMTSF s a l t s  are h ighly  a n i s o t r o p i c  conductors. k ‘JE:riety 

of  e x p e r i m e n t s  have  y i e l d e d  a g e n e r a l  c o n s e n s u s  f o r  t h e  band 
widths. The r a t i o s  td:tb:tc a r e  ,. 100:10:0.33,8. F igdre  1 shows 

s c h e m a t i c a l l y  t h e  F.S. i n  t h e  a-b plane. The band width  a l m g  c 
is  s m a l l e r  by a f a c t o r  of  30 and is neglec ted  i n  t h e  rest of  t h i s  
d i scuss ion .  

FIGURE 1 Fermi S u r f a c e  schematic .  
The f i e l d  i n d u c e d  s t a t e  was d i s c o v e r e d  by Kwak e t  a l l  i n  a 

magnetores i s tance  measurement of  t h e  PF6 s a l t  a t  a p r e s s u r e  j u s t  
beyond t h e  c r i t i c a l  p ressure  which s u p p r e s s e s  t h e  SDW t r a n s i t i o n .  
They observed a th reshold  f i e l d  fo l lowed by quantum o s c i l l a t i o n s  
i n  t h e  magnetoresis tance.  Subsequent ly  a similar effect  was s e e n  
by a number o f  r e s e a r c h e r s  i n d e p e n d e n t l y  i n  t h e  CL04 s a l t  a t  
ambient p r e ~ s u r e ~ ’ ~ .  Magnetic resonance exper iments  i n d i c a t e  
t h a t  t h e  h i g h  f i e l d  s t a t e  i s  a SDW4, and s p e c i f i c  h e a t  
measurements show a second o r d e r  t r a n s i t i o n 5 .  

I n  o r d e r  t o  i l l u c i d a t e  some a s p e c t s  of  t h e  f i e l d  i n d u c e d  
t r a n s i t i o n  we measured t h e  sound v e l o c i t y  of t h e  CL04 s a l t  usir.; 
a v i b r a t i n g  r e e d  t e c h n i q u e g .  The sound v e l o c i t y  i s  g i v e n  
a p p r o x i m a t e l y  by vs=vo(l -g2N(Ef)+a(H)n2), w h e r e  g i s  t h e  
electron-phonon coupl ing,  N(Ef) t h e  d e n s i t y  of s ta tes ,  end n t h e  
carrier densi ty .  T h e o r e t i c a l l y  and e x p e r i m e n t a l l y  i t  h a s  been 
demonstrated t h a t  a(H) is linear f o r  open o r b i t s  and q u a d r a t i c  
for c losed  o r b i t s .  As is e a s i l y  seen  i n  Fig. 2 t h e r e  is a l i n e a r  
dependence on magnetic f i e l d  f o r  t h e  sound v e l o c i t y  u n t i l  t n e  
t h r e s h o l d  f i e l d .  T h i s  i n d i c a t e s  t h a t  t h e  o r b i t s  remain o p e n  
u n t i l  t h e  f i e l d  induced t r a n s i t o n .  After t h i s  t r a n s i t i o n  t h e r e  
are o s c i l l a t i o n s  i n  v e l o c i t y  o f  sound. These o s c i l l a t i o n s  can be 
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(TMTSF)2CI04 IN HIGH MAGNETIC FIELDS 81 

explained i n  t e r n s  of  e r e d u c t i o n  of  n and C(Ef) a t  t h r e s h o l d  and 
a n o t h e r  reduct ion  a t  about 8 Tesla .  

f 

I 
0 9 6 9.5 

H fTESLA) 

FIGURE 2 Sound v e l o c i t y  vs. H a t  0.6K 

FIGURE 3 Hall r e s i s t a n c e ,  p o s i t i o n  o f  Hall s t e p s  from ref.6 
Our measurement of  t h e  h a l l  r e s i s t a n c e  ( p  ) i s  shown i n  f i g .  

3. S i m i l a r  i n d e p e n d e n t  m e a s u r e m e n t s  were r e p o r t e d  i n  r e f .  7. 
R e c a l l  t h a t  p x y  = RHH w h e r e  t h e  h a l l  c o e f f i c i e n t  RH=l /nec .  
T h e r e f o r e ,  f o r  a f i x e d  d e n s i t y  of c a r r i e r s  p s h o u l d  b e  a 
s t r a i g h t  l i n e  going through t h e  o r i g i n .  For f i e l d s  l a r g e r  t h a n  
t h r e s h o l d  p xy i n c r e a s e s  s h a r p l y  s h o w i n g  t h a t  t h e  d e n s i t y  o f  
c a r r i e r s  has  been reduced. As t h e  f i e l d  i s  i n c r e a s e d  f u r t h e r  we 
see t h a t  pxy  h a s  p l a t e a u s  and s t e p s  u n t i l  8 Tesla above which 
t h e r e  i s  one f l a t  p l a t e a u  t h a t  s t r e t c h e s  f r o m  1 2  Tes la  t o  22 
Tesla. The generh? t r e n d  i s  a r e d u c t i o n  i n  t h e  number o f  c a r r i e r s  
as t h e  magnetic f i e l d  i s  i n c r e a s e d  and t h e  appareance is t h a t  o f  
a s e r i e s  o f  p h a s e  t r a n s i t i o n s .  N o t e  t h a t  i f  t h e  c a r r i e r  
c o n c e n t r a t i o n  was f ixed  but quantum o s c i l l a t i o n s  were p r e s e n t  w e  

XY 

X Y  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
41

 2
0 

Fe
br

ua
ry

 2
01

3 



82 P. M. CHAWN n al. 

would s e e  o s c i l l a t i o n s  about a s t r a i g h t  l i n e  through t h e  o:'lgin. 
Even i n  t h e  extreme c a s e  o f  t h e  quantum Hall  e f f e c t  (QHE) i n  a 
system w i t h  f i x e d  c a r r i e r  c o n c e n t r a t i o n  t h e  p l a t e a u s  occur  w i t n  
t h e i r  c e n t e r s  l y i n g  on a s t r a i g h t  l i n e .  

The s t e p s  and p l a t e a u s  a r e  r e m i n e s c e n t  o f  t h e  QHE" b u t  
t h e r e  a r e  l a r g e  d i f f e r e n c e s  from t h e  convent iona l  QHE. Among t h e  
most s t r i k i n g  d i f f e r e n c e s  a r e  t h e  t e m p e r a t u r e  dependeme of t h e  
p la teaus ,  t h e  f a c t  t h a t  they ere not  i n  t h e  r a t i o  o f  consecut ive  
i n t e g e r s ,  and t h a t  t h e i r  p o s i t o n  does not  correspond t o  t h e  r a t i o  
between t h e  s t e p s .  Also  a s  can  be s e e n  i n  ref. 6 f o r  f ig .  3 or 
i n  f i g .  4 t h e r e  a re  n o t  s t r o n g  d i p s  i n  t h e  l o n g i t u d i n a l  

magnetores i s tance  corresponding t o  t h e  p l a t e a u s  i n  p ry. Thus 
i n t e r p r e t a t i o n  i n  t e  
appropr ia te .  

m s  o f  t h e  c o n v e n t i o n a l  QHE i s  n o t  

i i  ~ / ' I , I / I  j j  , :  : I1l1' , , I  ' - I & ,  
c 

I I I  ! , ~ 0.01u 
, # , I  l l l l , ~ ~ ~ ~ l l l '  , .  I ' 8  , I  
: , , I  l ' ,  ' 

1 1 ;  d 

till1 ' 0  ' ' o/  8 ,  

FIGURE 4 Magnetores i s tance  a t  h i g h  f i e l d  
The l o n g i t u d i n a l  magnetores i s tance  p xx i s  p l o t t e d  a t  low 

tempera ture  f o r  a n o t h e r  sample i n  F i g u r e  4. The t h r e s h o l d  f i e l d  

i s  apparent  a t  3.5 Tesla .and t h e  magnetores i s tance  h a s  a g e n e r a l  
i n c r e a s e  w i t h  magnet ic  f i e l d  w i t h  s t r u c t u r e s  which appear  q u i t e  
d i f f e r e n t  from t h e  smooth s i n u s o i d a l  behavior  u s u a l l y  a s s o c i a t e d  
w i t h  Schubnikov - deHaas o s c i l l a t i o n s .  Moreover h y s t e r e s i s  can 
b e  s e e n  a s  a d i f f e r e n c e  w i t h  i n c r e a s i n g  and  d e c r e a s i n g  f i e l d .  
T h i s  i s  most  p r o n o u n c e d  f o r  t h e  8 T e s l a  s t e p .  We s h o u l d  n o t e  
t h a t  h i g h e r  tempera ture  d a t a  repor ted  i n  ref. 6 s h o u s  more 
convent iona l  o s c i l l a t i o n s  a t  h igh  temperature .  These more r a p i d  
o s c i l l a t i o n s  w h i c h  c a n  b e  a s s o c i a t e d  w i t h  c l o s e d  o r b i t s  t h a t  
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83 (TMTSF),CIO, IN HIGH MAGNETIC FIELDS 

would be formed w i t h  t h e  n e s t i n g  v e c t o r  2kf ,0  a r e  n o t  p r e s e n t  a t  
lower temperature .  

The r a r i o  of  L I I ~  p i a ~ e a u s  i n  l / P  a r e  0.2:1:2.66:4 and 
0.2:1:2.1:3.6 f o r  p l a t e e u s  a t  1 2 ,  7 . 2 ,  5.7, 4.7 T e s l a  
r e s p e c t i v e l y ,  f o r  our two b e s t  samples. Gross ly  speaking  t h e  
l a t t e r  r e c i p o c a l  r a t i o s  a r e  1 :2:3  w h i c h  would c o r r e s p o n d  t o  
Landau l e v e l s  i f  t h e  s ta te  a t  7.2 T h a s  one l e v e l  l o c a t e d  below 

t h e  F e r m i  energy .  The p o s i t i o n s  o f  t h e  o n s e t  o f  t h e  s t e p s  i s  
p l o t t e d  vs. 1 / H  i n  F i g u r e  2 f r o m  d a t a  o f  r e f .  6. A l t h o u g h  we 
o b t a i n  a s t r a i g h t  l i n e  throilgh z e r o  t h e r e  a r e  s t e p s  m i s s i n g  a t  
11.2 and 22 T e s l a  t h e  former  of which should c e r t b i n l y  have been 
i n  o u r  exper imenta l  range b u t  which was n o t  observed. 

X Y  

I n  t h e  only o t h e r  o r b i t a l  f i e l d  induced t r a n s i t i o n  from metal 
t o  semiconductor  ref.11 showed t h a t  f o r  c losed  o r b i t s  i n  t h r e e  
dimensions t h e  d i s p e r s i o n  r e l a t i o n  becomes one d imens ions1  and 
t h e  d e n s i t y  of  s t a t e s  becomes p r o p o r t i o n a l  t o  H. They p r e d i c t e d  a 
F.S. i n s t a b i l i t y  wi th  Tc = To e-l/N(0)v = Toe-A/H. I t  was poin ted  
out12 t h a t  i n  two dimensions f o r  open o r b i t s  a magnet ic  f i e l d  
l e a d s  a l s o  t o  a one d i m e n s i o n a l  d i s p e r s i o n  r e l a t i o n .  The 
ques t ion  was whether  t h e  d e n s i t y  of states a l s o  v a r i e s  l i n e a r l y  
w i t h  t h e  m a g n e t i c  f i e l d  and w h e t h e r  t h i s  c a n  lead t o  a F. S. 
i n s t a b i l i t y  c h a r a c t e r i s t i c  o f  t h e  one d imesnional  behavior '  3 .  

I n  t h e  presence of a magnet ic  f i e l d  an e l e c t r o n  moves on a 

open o r b i t  F.S. from one end of  t h e  B r i l l o u i n  zone t o  t h e  o t h e r  
and r e p e a t s  t h i s  motion. There i s  a c h a r a c t e r i s t i c  f requency 
w .'=(eH/mc)(k,b) which c h a r a c t e r i z e s  t h i s  motion and cor responds  

t o  t h e  p e r i o d i c  c r o s s i n g  o f  t h e  zone  . The v e l o c i t y  o f  t h e  
e l e c t r o n  i s  p e r p e n d i c u l a r  t o  t h e  fe rmi  s u r f a c e  a t  a l l  p o i n t s .  
Thus  i n  a magnet ic  f i e l d  an e l e c t r o n  i n  r e a l  space  h a s  a v e l o c i t y  
which o s c i l l a t e s  a long y but  a lways remains  t h e  same s i g n  a long  
x. This  can be q u a n t i f i e d  by n o t i n g  t h a t  t h e  v e l o c i t y  i n  t h e  y 
d i r e c t i o n  is g iven  by v =(2tbb/Ri)cos( w c't).  Thus t h e  excurs ion  Y 
o f  an e l e c t r o n  ir! t h e  y d i r e c t i o n  i s  4 t b b / h c ' .  For very  h igh  
f i e l d s  t h e  e l e c t r o n  motion is so l o c a l i z e d  i n  t h e  y d i r e c t i o n  
t h a t  i t  r e m a i n s  on a s i n g l e  c h a i n  and i s  l i t e r a l l y  o n e  
dimensional. Houever even a t  very  low magnet ic  f i e l d s  t h e  motion 

1 2  
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84 P. M. CHAIKlN n al. 

i s  l i m i t e d  a l o n g  y and e x t e n d e d  a l o n g  x i l l u s t r a t i n g  t h e  o n e  
d imens iona l  n a t u r e  i n  any magnet ic  f i e l d .  

T h i s  o n e  d i m e n z l x a l i z z t i o n  c a n  be  s e e n  m a t h e m a t i c a l l y  by 
looking a t  t h e  d i s p e r s i o n  r e l a t i o n  and t h e  e f f e c t i v e  magnet ic  
f i e l d .  We t a k e  t h e  d i s p e r s i o n  r e l a t i o n  as E(k ,k )4h2k2x/2m- 
2tbcos(kyb) 12. I n  t h e  presence  o f  a magnet ic  f i e l d  t h i s  e q u a t i o n  
becomes: 

X Y  

(1 1 -(h 2 /2m)  ( a  2 2  / a x  )$-2tbCOS( Kyb-eHbx/4c)$=E$ 

i n  t h e  Landau gauge. k y  o c c u r s  o n l y  i n  t h e  a r g u m e n t  o f  t h e  
c o s i n e  and can be removed by r e d e f i n i n g  t h e  x o r i g i n .  Thus t h e  
energy e igenvalues  can not  depend on $. The g e n e r a l  form f o r  
t h e  energy e igenvalues  is E(Kx'). T h i s  unexpected conclus ion  can 
b e  u n d e r s t o o d  i n  t h e  f o l l o w i n g  way. I n  t h e  prese.,ce o f  any  
f i n i t e  magnetic f i e l d  t h e  e l e c t r o n  comple te ly  t r a v e r s e s  t h e  zone 

a long  y. Thus i n  some s e n s e  t h e  e l e c t r o n  averages  over  t h e  v a l u e  
o f  ky. T h i s  of  course n e g l e c t s  tempera ture ,  t h e  t r a n f e r  i n t e g r a l  
a long  and t h e  s c a t t e r i n g  time. 

The one d i m e n s i o n a l  p r o p e r t y  o f  i n t e r e s t  i s  t h e  F.S. 
i n s t a b l i t y  - P e i e r l s  t r a n s i t i o n ,  c h a r g e  d e n s i t y  wave or SDW 
c a u s e d  by  t h e  l a r g e  d e g e n e r a c y  o f  s t a t e s  a t  t h e  F e r m i  e n e r g y  
coupled by t h e  same wave vector .  We d e f i n e  t h e  j o i n t  d e n s i t y  o f  
s t a t e s  N (E,q) as t h e  d e n s i t y  o f  s ta tes  at  energy E coupled by 
wave v e c t o r  q. For t h e  d i s p e r s i o n  r e l a t i o n  E(k ,k 1, t h i s  j o i n t  
d e n s i t y  o f  states is zero  ( a s  a p p r o p r i a t e  f o r  a material which 
has no i n s t a b i l i t y  down t o  zero temperature) .  We now examine t h e  
j o i n t  d e n s i t y  o f  s t a t e s  i n  t h e  presence  of a magnet ic  f i e l d  i n  
terms o f  t h e  s o l u t i o n  t o  eq. 1. F o r  h w c ' / 4 t b  >> 1 eq. 1 is  t h e  
n e a r l y  free e l e c t r o n  model w i t h  p lane  wave e i g e n s t a t e s ,  energy 
E(kx),  Nj(Ef ,q)=P(Ef)=l /Ef ,  and  q = ( 2 k f , 0 )  ( t h e  I - D  c a s e ) .  We 
t h u s  e x p e c t  t h e  f o r m  Nj(EI)-( l /Ef)F( . f iw' , /4tb)  w h e r e  F ( x )  i s  a 
smooth f u n c t i o n  which i s  e e r o  f o r  small  x and approaches 1 as x 

goes t o  i n f i n i t y .  By t a k i n g  the F o u r i e r  t ransform o f  t h e  Mathieu 
f u n c t i o n a  d e f i n e d  by eq.1 we f i n d  F(x)=x f o r  smal l  x. An open  
o r b i t  2-D F.S. is t h e r e f o r e  u n s t a b l e  as soon as a magnet ic  f i e l d  
i s  a p p l i e d 1 3 .  I n  a s m a l l  m a g n e t i c  f i e l d  we t h e n  h a v e  
Nj- (  1 /Ef) (4 wC/4tb)"H and Tc=Toexp(-A/H) which g i v e s  an e x c e l l e n t  

j 
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C.  t t o  t h e  experiments  ( f i g .  5). 

While 
FIGURE 5 Log Tc vs. 1 / H  

have not  so lved  f o r  t h e  ground s t a t e ,  w e  eke t h e  
f o l l o w i n g   observation^'^. The q v e c t o r  i n  a f i e l d  i s  i n  g e n e r a l  
n o t  ( 2 k f ,  n / b ) ,  s o  t h a t  we e x p e c t  a s e m i m e t a l  r a t h e r  t h a n  t h e  
semiconductor  expected f o r  a SDW a t  z e r o  f i e l d .  The gap which 
r e s u l t s  i s  f i e l d  and tempera ture  dependent - t h e  area remain ing  
a f t e r  t h e  d i s t o r t i o n  and hence t h e  quantum o s c i l l a t i o n s  w i l l  be H 
a n d  T d e p e n d e n t .  ( T o  l o w e s t  o r d e r  E f g = E f O -  

G( A )=(n+l /2)?1  w C = ( n + l / 2 ) r H  o r  t a k i n g  G (  A ) -  A O + a H ,  (Efo-' 
A0)/H=(n+l/2)r+a. This  g i v e s  o s c i l l a t i o n s  - p e r i o d i c  i n  1 / H  b u t  

w i t h  an apparent  n not  equal  t o  t h e  number of  Landau l e v e l s  below 
Ef. From t h e  i n s e t  of  f i g 2  we t h u s  s u s p e c t  t h a t  t h e  l a s t  Landau 
l e v e l  h a s  c r o s s e d  Ef  a t  7.5T and no f u r t h e r  o s c i l l a t i o n s  w i l l  
occur.) If t h e  d i s t o r t i o n  produces e l e c t r o n  h o l e  pockets  which 
a r e  ~ o m p e n s a t e d ' ~ ,  p x y = ( h / n e 2 ) (  ue-ph >/ (  pe+ph >, s o  t h a t  
t h e  r a t i o  o f  t h e  p l a t e a u s  i s  c o r r e c t ,  b u t  t h e  v a l u e  i s  
c o n s i d e r a b l y  smal le r .  Moreover, f o r  compensat ion 
w i l l  not  have zeroes  a t  the p l a t e a u s  and w i l l  i n c r e a s e  w i t h  H. 

J u s t  p r i o r  t o  t h i s  conference  we became aware of  t h e  paper  
by  G o r ' k o v  a n d  Lebed"  w h i c h  i n d e p e n d e n t l y  s h o w e d  t h e  
i n s t a b i l i t y  o f  t h e  2-D open  o r b i t  F.S. i n  t h e  p r e s e n c e  of  a 
magnet ic  f i e l d  due t o  t h e  same mechanism. 

I n  conclus ion ,  t h e  (TMTSF),X s a l t s  show a novel  and unique 
t r a n s i t i o n  from open o r b i t  metal t o  c l o s e d  o r b i t  semimetal .  We 
h a v e  d e m o n s t r a t e d  t h a t  t h i s  t r a n s i t i o n  i s  c a u s e d  by t h e  one  
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dimens iona l iza t ion  of the  e l ec t ron  motion i n  a magnetic f i e ld .  
Nany of t he  unusual high fSeld measurements can be explained i f  
t h i s  i n s t a b i l i t y  produces a compensated semi-metal. The na ture  o f  

t h e  ground s t a t e  and i n p a r t i c u l a r  t h e  s t a t e  above 7.5 T e s l a  
a w a i t s  f u r t h e r  inves t iga t ion .  

We acknowledge support  from NSF DMR63-18048, DMRBl -1 3456 and 
DOE DEAC04-76-DP00789. 
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