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whatsoever or howsoever caused arising directly or indirectly in connection
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THEORY OF INFRARED CONDUCTIVITY FROM DENSITY WAVES: (l?iTSF).$ 

E.W. PENTON and G.C. AERS 
National Research Council of Canada, Ottawa, Canada K l A  OR6 

Abstract It is argued tha t  the in f r a red  conductivity due t o  
a sp in  density wave (SDW) in (TMTSF)2X may in some cases be of 
a semiconductor form for a s t rongly  pinned dens i ty  wave or in 
o the r  cases be of a uvre complicated form with phonon reeo- 
nances due t o  charge dens i ty  wave harmonics of a weakly pinned 
SDW. 

Inf rared  conductivity due t o  a charge density wave (CDW) or 
sp in  density wave (SDW) may include cont r ibu t ions  from s ingle-  

p a r t i c l e  exc i t a t ions  of t he  e lec t rons ,  us.p., and from co l l ec t ive -  
mode motion (v ibra t ion)  of the density wave, ac.m.. 1-4 We w i l l  

argue tha t  f o r  the SW states of the  (TMTSF)$ superconductors, 

t he re  may be some cases where the  SDW is s t rongly  pinned and o ther  

cases where i t  is very weakly pinned. By s t rong  pinning of the 

SDW, we mean tha t  the conductivity is s imi l a r  t o  t h a t  of a semicon- 

ductor,  a r i s i n g  almoit e n t i r e l y  from as 

a conductivity edge and peak a t  the SDW gap 28. 

ning we mean that uCem. coa t r ibu tee  s i g n i f i c a n t l y  t o  u, and in t h i s  
case according t o  our theory: (a) the  s ing le -pa r t i c l e  conductivity 

a 
conductivity edge should occur at ZA; (a) due t o  in t e rac t ion  with 

the  lat t ice of a 24 CDW harmonic of the  SDW, phonon resonance peaks 

appear in u f o r  phonons with twice the  SW wave vector 9; and (c) a 
peak near or overlapping zero frequency occurs, s h i f t e d  from ze ro  

( a s  for the CDW) by weak commensurability, impurit ies,  or by a 
three-dimensional ordering e f f e c t  acting weakly through a 24 CDW 

. In  t h i s  case there  is 
By very weak pin- 

*P. 

commencing at 2 8  is almost e n t i r e l y  cancelled by uCsm and no 8.p. 

20 I 
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202 E. W. FENTON AND G. C. AERS 

harmonic of the SDW. This peak w i l l  be broadened by impur i t ies  so 

t ha t  i f  the  frequency s h i f t  is small or negl ig ib le ,  it may appear 

a s  the usual low-frequency form of u f o r  a normal metal but with a 

d i f f e r e n t  t ranspor t  l i f e t ime  7. This descr ip t ion  app l i e s  f o r  a 
quasi-one-dimensional p a r t  of the  e l ec t ron  Fermi sur face  gapped by 

the  SDW. 

(0 ) - 
-0- - 
- c - c - o - ~ -  

(b) 

d 
-0-0-0-0-c-0- 

FIGURE 1 Density wave in  a s o l i d  with one atom i n  each u n i t  
cell.  

Consider now a simple s o l i d  with one atom in each un i t  cell as 

Lee, Rice and Anderson‘ noted t h a t  f o r  24 - G, the  2Q in Figure 1. 

and q - 2Q phonons nust be the  same phonon and in t h i s  case the  

phase-phonon collective-mode motion of the CDW, represented by 

‘c .m.*  
(a). In Figure l ( a ) ,  every atom sees an e l ec t ron  density grad ien t  

due t o  the  CDW and through the  electron-phonon in t e rac t ion  of t he  

Frohlich hamiltonian odd-numbered atoms m v e  rightward and even- 

numbered atoms move leftward. In Figure l ( b )  the atoms do not move 

and the CDW does not ex i s t .  Changing the  pos i t ion  (phase) of the 
CIXJ from Figure l ( a )  o r  equivalent pos i t ions  is equivalent t o  j u s t  

reducing the electron-phonon coupling constant and the  CDW ampli- 

tude toward zero. Formally, f o r  t h i s  case the phase degree of 

freedom does not e x i s t  and only the in f r a red  non-active amplitude 

does not occur. This is i l l u s t r a t e d  i n  Figures l (a )  and 
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THEORY OF INFRARED CONDUCTIVITY FROM DENSITY WAVES: (TMTSF)*X 203 

mode of t he  Lee, Rice and Anderson theory ex i s t s .  For t h i s  simple 

s o l i d  the  same reasoning app l i e s  t o  t h e  SDW in the Eubbard hamil- 

ton ian ,  where the  S D W  occuis f o r  24 = G only when antinodes are 
centred at atoms. For higher order commensurability such as 4Q = G 

in Figure l ( c ) ,  some atoms see an e l ec t ron  dens i ty  grad ien t  f o r  any 

pos i t i on  and phase of the  CDW so t h a t  d i s t o r t i o n  of the hos t  

lat t ice and a new lattice period four  times longer always occurs. 

I n  t h i s  case the  phase degree of freedom and ac,m, d e f i n i t e l y  

e x i s t .  
We re tu rn  now t o  (TMTSF)2X. Each atom in Figure 1 is replaced 

by two TMTSF molecules. I f  t he  TMTSF are i n t e r n a l l y  r i g i d ,  t he  

24 = G case is similar t o  Figure l ( c )  but with bond lengths  alter- 

na t ing  with less than one percent bond length  d i f fe rence .  For any 

pos i t i on  of a C D W ,  not a l l  atoms see zero gradient of e lec t ron  

dens i ty ,  atoms move, and the  period of t he  host l a t t i c e  is changed 

from two spacings t o  four  spacings. The phase degree of freedom 

e x i s t s  f o r  t h i s  case, even with 24 = G. Analogous argument a p p l i e s  

f o r  the  SDW. Intramolecular d i s t o r t i o n s  of charge and sp in  i n  t h e  

TMTSF ions leads t o  similar complexity of the phase degree of 

freedom in the  co l l ec t ive  mode motion ae has been described 

t h e o r e t i c a l l y  with apparent success f o r  t he  CDW in TEA(TCNQ) 2. 

A S D W  always has @ harmonics because when an e l e c t r o n  state 

a t  wavevector k is cor re l a t ed  with another state a t  wavevector 

k + 9, 
l a t ed  with the  k state. 'I4 

cor re l a t ed  with co r re l a t ion  vector 24, and so on. The even-order 
harmonics of t he  SDW are charge dens i ty  waves.314 

the re fo re  coupled by electron-phonon i n t e r a c t i o n  t o  lattice d i s t o r -  

t i ons  and phonons through its even-order CDW harmonics. We take an 

e l ec t ron  d ispers ion  with 0 .c Ik I < 4k 

cutoff f o r  (TMTSF)$ before dimerization and then include the  2nla 

dimerization-and-X-ion p o t e n t i a l  e x p l i c i t l y  in the  hamiltonian. 

For Ikl > 4kf, we w i l l  take 4~ + * in equations of motion f o r  t he  

then an e l ec t ron  state at wavevector k - 4 is a l s o  corre- 
S t a t e s  at k - 9 and k + 9 are t h e r e f o r e  

The SDW is 

which represents  the  4kf f '  
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204 E. W. FENTON AND 0. C. AERS 

electron Green function, aa we did earlier fo r  the incommensurate 

We l inear ize  the electron dispersion near Ef with the 

nesting condition = - E ~  = vfk fo r  Q = 2kf, and also f o r  
2 

+ E where E is comparable Q wavevector near 3kf with E 
- 

k?? = ' k q  

t o  2Ef. The hamiltontan is 

where N is the number of atoms; k, k' and q are wavevector 
components pa ra l l e l  t o  the highly-conducting axis; a and p denote 

spin s t a t e s ;  and u is the index of the phonon band. 

coulomb interact  ion appears in screening of the exchange potent ia l  

VsDw, averaged over k and k',  and in renormalization of coupling gu 
and frequency id(') for  the phonons, which include the a 

modes discussed by Michael R i c e . '  Vx represents the 2n/a po ten t i a l  

seen by the electrons. For a SDW s t a t e ,  there is a mean-field pa r t  

of H given by 

The d i r ec t  

syometric 
q g 
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THEORY O F  INFRARED CONDUCTIVITY FROM DENSITY WAVES: (TMTSF),X 205 

and 

The e l ec t ron  Green func t ions  and the  gap equat ions obtained are t h e  

same as we  have earlier obtained f o r  t he  incommensurate SIN3' 

except t h a t  r + r + Vx in Eq. 2. 
SDW fundamental measured r e l a t i v e  t o  the  hos t  c r y s t a l ,  whereas Vx 
a s  pa r t  of the  c r y s t a l  p o t e n t i a l  has relative phase f ixed  a t  zero.  

r c a r r i e s  twice t h e  phase of t he  

The SDW gap funct ion with harmonics present  is 

where M is the  magnitude of A in the  l i m i t  ~0 + m where the  29 
T 

amplitude would be f i r s t  o rde r  i n  E - ~ ,  t he  ratio Q 
<2Q>cDw/<1Q> is a = - -. A t  T = 0 the  gap equat ion  

h Ef 
be comes 

'X a 2Ef 1 - I-) - "m a2 1 + -  4 

where 
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206 E. W. FENTON AND G. C. AERS 

N(0) is the  one-spin dens i ty  of states a t  the  Fermi sur face  ( fo r  

t h e  par t  gapped by the  S D W ) .  

FIGURE 2 
conductivity due t o  a dens i ty  wave with harmonics. 

Response d i ag ram important in the  in f r a red  

The cont r ibu t ion  of uC,,.(q = 0,w) t o  a a r i s i n g  from the  phase 
o s c i l l a t i o n  of t he  SDW and its harmonics is ca lcu la t ed  exac t ly  i n  

t h e  same manner as we have described in d e t a i l  earlier f o r  t he  

incommensurate phase with no commensurability p o t e n t i a l ,  eva lua t ing  

t h e  response diagram of .F igure  Z(b). The r e s u l t  is 
2 2 

(8) 
-ne2 

u c.m. (w) = 

Dil(u) - D i l ( w )  + 1 - "X (7) a + ?+f f (&)  

l + t  

(&I f (&l  h D p  

where 

4 A2 

with 

c 
h U  

'SDW D0(u) = - - - 

The yu are the widths 

( '1 b& 24 1 
(10) 

d ( 2 Q )  - w2 - iqU 

of the  phonon states for the  s o l i d  inc luding  
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THEORY OF INFRARED CONDUCTIVITY FROM DENSITY WAVES: (TMTSF)2X 207 

e f f e c t s  of a l l  in t e rac t ions  except those expressed e x p l i c i t l y  i n  
t h e  hamiltonian of Eq. 1. The func t ion  f is 

f ( x )  

and the  

k - 
= {ni + h [’ - - 2):])/2x2(1 - x-2) 

1 + (1 - x-2) 

s ing le -pa r t i c l e  conductivfty eva lua t ing  F igure  2(a)  is - 

which is exac t ly  the same as u f o r  t he  usual theory with no S.P. 
harmonics. 

The hamiltonian of Eq. 1 assumes tha t  the  e l ec t ron  conduction 

band width is much g rea t e r  than the  coulomb in t e rac t ion ,  i.e. 

A << 1 i n  Eqs. 6 and 7 is required.  We now make a second 
assumption f o r  the  SDW s t a t e  i n  (TMTSF),X compounds: 

mean f i e l d  system, with the  SDW gap 28 comparable t o  3.5kgTc, or 

2A - 20 t o  40 cm-’. 

case,  a - <2Q>cDW/ <1Q> - - - 0.02 f o r  T 

dimerization-and-X-ion p o t e n t i a l  Vx appears i n  the  gap equation and 

i n  the  conductivity,  Eqs. 6 ,  8 and 9, u u l t i p l i e d  by a / ( l  + r). I f  

we take Vx as comparable t o  the  dimerization d i f f e rence  f o r  t he  

e l e c t r o n  t r a n s f e r  i n t e g r a l  along the TMTSF stack, roughly 50 meV 

according t o  Grant,’ then Vxa/ (1 + r) is less than 1 raeV and 

comparable t o  or less than t h e  l i f e t i m e  broadening of t he  

c o l l e c t i v e  mode frequency near w 0. Displacement of t h i s  mode 

from zero is probably not observable. 

Tc 5 15 K, h 5 0.2. 

peak i n  Rea similar t o  F igure  2(d) of r e f .  3 f o r  the  quenched state 
of (TMTSF)2CAO0, where a SDW is known t o  occur below a Tc comparable 

t o  5 K. 

probably c o n s t i t u t e  a s t rong  pinning f i e l d  f o r  the  S D W ,  i n  which 

the  SDW is a 

2A << Ef - 0.25 e V 7  and with M A i n  t h i s  
A - 15 K. The 

C E f  

a 2  

a2 

From Eqs. 6 and 7 and with 

Ng, Timusk and Bechgaard8 have observed at 2 K an  asymmetric 

I n  the  quenched state the  C b ,  anions are disordered and 
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208 E. W. FENTON AND 0. C. AERS 

case we expect t h a t  u = us.p. as i n  Figure 2(d) of re f .  3. 
observed peak begins a t  20 cm-l, which f o r  26 - 3.5k T 
Tc - 8 K. 
ordered and Ng et a1 observe a sharp peak at 7 cm-' and a broader 

peak a t  25 cm". 

these  peaks "ay be associated with the  2xfa charge t r a n s f e r  

mechanism of R i c e ,  Yartsev, and Jacobsen6 but a l s o  including 

e f f e c t s  of the  anion ordering which occurs a t  roughly 25 K. 

The 
meam t h a t  

For the  slowly cooled state of (TMTSF)$ the anions a r e  

For t h i s  state no SDW occurs and it appears t h a t  

B c  

No 

theory t h i s  s i t u a t i o n  exis t .  at present. 

4000 

3000 - 1 
2000 - 

i 

0 50 100 i50 200 250 300 

w (cm-') 

FIGURE 3 Real pa r t  of the conductivity versus frequency f o r  
(TMTSP)2SbF6. 
represents experimental r e s u l t s  by Ng, Timusk, and 
Bechgaard. 

The so l id  l i n e  is theory and the  dotted l i n e  

Ng, Timusk and Bechgaard have recent ly  measured the 

far-infrared spectrum of (TMTSF)$bF6.* 

through the  SDW Tc - 17 K t r a n s i t i o n ,  th ree  new and sharp peaks 

appear between 150 and 250 cm-l.  

Reu(2 K) - 0.75 Rea(l9 K), where Ng et a1 have subt rac ted  pa r t  of 

the normal metal conductivity i n  an attempt t o  separa te  the  
cont r ibu t ion  from the  pa r t  of the Fermi su r face  not annih i la ted  by 
the  SDW. 

Cooling f r w  19 K t o  2 K, 

In Figure 3 the dotted l i n e  shows 

The s o l i d  l ine is our theory f o r  Reu adding scam and 
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THEORY OF INFRARED CONDUCTIVITY FROM DENSITY WAVES: (TMTSF),X 209 

us.p. from Eqs. 8 and 11, with the following parameters: 

2A = 40 em-’; Ef  = 0.25 eV;  hSDW 

W1(2Q) = 154 em-’; Ayh2Q = 0.290; w2(2Q) = 197 6 1 ;  

w3(2Q) = 231 cm-1; $2s = 0.176. 26  and a are determined us ing  

the  mean f i e l d  r e l a t i o n  2A = 3.5kBTc. 

f o r  a l i n e a r  e l ec t ron  d ispers ion .  I f  we take a = 0.05, then A l ,  

AZ, X3 become 0.0464, 0.0237 and 0.0282 for the  same s o l i d  l i n e  

conductivity curve in Figure  5. Intramolecular a phonon modes of 
TMTSF observed by Bozio et  a1 in Raman s c a t t e r i n g  
265 em-’. modes’ occur a t  146, 240, and 299 cm-l. 

For TEA(TCNQ) 2, observed and ca lcu la ted  electron-phonon coupling 

cons tan ts5  f o r  a modes of TCNQ i n  t h i s  frequency range are each 

comparable t o  0.1. The t h e o r e t i c a l  peak a t  w = 0 is orders of 

magnitude l a r g e r  than the  dc  conduct iv i ty  of (TPfNF)#bF6. Th i s  

occurs because our t h e o r e t i c a l  a obeys the conductivity sum Nh 
and at the  same t i m e  includes only the  fa r - inf ra red  conduct iv i ty  

due t o  the  SDW. Including Hols te in  and o the r  processes at higher 
frequencies sub t r ac t s  spectral weight p r inc ipa l ly  from the w 

conductivity peak in Figure 3. 

0.19; a = 0.02; aV + 0; 
X 

= 0.148; 

The value f o r  a is 0.02 only  

8 occur a t  146 and 

Calculated a 
8 

g 

0 
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