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Polar ized  i n f r a r e d  r e f l e c t a n c e  measurements have 
been made on TTF-TCNQ s i n g l e  c r y s t a l s  a t  tempera- 
t u r e s  between 25 K and 300 K. Measurements were 
made f o r  f requencies  between 7 cm-’ (1 meV) and 
20,000 cm-I ( 2 . 5  eV). 
charge dens i ty  wave mechanism €or  t h e  h igh  dc con- 
d u c t i v i t y  of TTF-TCNQ and provide estimates f o r  
t h e  60 K l i f e t i m e  and t h e  low-temperature p inning  
frequency of t h e  charge dens i ty  wave, A va lue ,  
300 cm-l  (0 .04  eV), f o r  t h e  semiconducting energy 
gap is  also obtained.  

These measurements suppor t  a 

I, INTRODUCTION 

In t h i s  paper w e  desc r ibe  t h e  chain-axis  o p t i c a l  prop- 
erties of TTF-TCNQ a t  temperatures  between 25 K and 
300 K. These d a t a  were obtained from po la r i zed  r e f l e c -  
t ance  measurements t h a t  spanned t h e  frequency range be- 
tween 7 cm-’ (1 meV) and 20,000 cm-l  ( 2 . 5  eV) , The re- 
s u l t s  are i n  reasonable  agreement wi th  prev ious  po la r -  
ized  r e f l e c t a n c e  s t u d i e s  of t h i s  They 
i n d i c a t e  t h a t  a t  low temperatures  t h e  low energy e lec-  
t r o n i c  p r o p e r t i e s  of TTF-TCNQ are dominated by charge 
d e n s i t y  wave (CDW) ef fec ts .5-10  A t  25 K, i n  t h e  insu-  

[ 1527]/137 

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

1:
57

 2
1 

Fe
br

ua
ry

 2
01

3 



138/[1528] D. B. TANNER and C. S. JACOBSEN 

l a t i n g  regime, a pinned CDW phase mode is seen a t  40 cm” 
and t h e r e  is a very sharp peak a t  250-300 cm-I r e s u l t i n g  
from e x c i t a t i o n s  ac ross  t h e  s i n g l e - p a r t i c l e  gap.” 
60 K t h e  dc conduct iv i ty  is  dominated by t h e  s l i d i n g  CDW o r  
Frohl ich mode; t h e  energy gap is smeared by thermal effects. 
A t  300 K s i n g l e - p a r t i c l e  e f f e c t s  a r e  a t  least a s  important 
as c o l l e c t i v e  e f f e c t s  and no well-defined gap i s  observed. 
In  add i t ion ,  a t  a l l  temperatures  t h e r e  is evidence f o r  
coupling of conduction e l e c t r o n s  t o  molecular vibrat ions.  

A t  

CDW phenomena arise from t h e  P e i e r l s  i n s t a b i l i t y  i n  
l inear-chain materials. This i n s t a b i l i t y  produces a pe r i -  
odic  v a r i a t i o n  of conduction e l e c t r o n  charge dens i ty  a long 
t h e  one-dimensional chain and induces an energy gap a t  t h e  
Fermi sur face .  When t h e  wavelength of t h e  CDW is  incommen- 
s u r a t e  wi th  t h e  l a t t i ce  cons tan t  ( a s  is t h e  case f o r  
TTF-TCNQ13,14), i t  is poss ib l e  t o  have a s o r t  of supercon- 
d u c t i v i t y  f i r s t  descr ibed by Frtihlich: 
of an appl ied  f i e l d ,  t h e  CDW can move r i g i d l y  through t h e  
l a t t i c e  and con t r ibu te  t o  t h e  dc conduct iv i ty .  The l i fe-  
t i m e  of t h i s  cur ren t -car ry ing  c o l l e c t i v e  mode should be 
comparable wi th  t h e  l i f e t i m e  of a low energy phonon and 
should be much longer  than t h e  l i f e t i m e  of a s ingle-  
p a r t i c l e  e l e c t r o n i c  e x c i t a t i o n .  

under t h e  in f luence  

This Pe ier l s -Fruhl ich  viewpoint l e a d s  t o  very d e f i n i t e  
p red ic t ions  f o r  t h e  o p t i c a l  p r o p e r t i e s  of a one dimensional 
metal. l 5  A t  h igh temperatures ,  t h e  frequency dependent 
conduct iv i ty  should be s i n g l e - p a r t i c l e - l i k e ;  t h e  conducti- 
v i t y  should be t h a t  of a Drude metal wi th  e f f e c t i v e  mass 
equal t o  t h e  band mass and c a r r i e r  s c a t t e r i n g  t i m e  equal t o  
t h e  s i n g l e  p a r t i c l e  l i f e t i m e .  Once t h e  Peierls i n s t a b i l i t y  
has  set i n  (perhaps 150 K i n  TTF-TCNQ14), t h e r e  should be a 
gap i n  t h e  s i n g l e - p a r t i c l e  spectrum; t h e  dc conduct iv i ty  is 
due t o  a long-lived s l i d i n g  CDW which has a r e l a t i v e l y  high 
e f f e c t i v e  mass. A t  t h e  lowest temperatures ,  t h e  CDW is 
pinned by three-dimensional i n t e r a c t i o n s ,  which always oc- 
cur  i n  any real material; t h e  gap i n  t h e  s i n g l e - p a r t i c l e  
spectrum p e r s i s t s  but  i n s t ead  of high dc conduct iv i ty  t h e r e  
is  a pinned CDW mode a t  very low f requencies .  This  pinned 
mode i s  an o s c i l l a t i o n  i n  t h e  CDW phase (i.e. i n  t h e  loca- 
t i o n  of t h e  CDW r e l a t i v e  t o  t h e  underlying l a t t i c e ) .  

11. EXPERIMENTAL DETAILS 

The polar ized  r e f l e c t a n c e  of TTF-TCNQ s i n g l e  c r y s t a l s  w a s  
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LOW TEMPERATURE INFRARED STUDIES OF TTF-TCNQ [ 152911139 

measured using a Michelson in t e r f e romete r  i n  t h e  f a r -  
i n f r a r e d  reg ion  and a g r a t i n g  monochromater a t  h igher  
f requencies .16 The samples were cooled i n  an A i r  Products  
He l i t r an  cont inuous flow r e f r i g e r a t o r .  The f a r - in f r a red  
measurements were made wi th  a mosaic which cons i s t ed  of 
n ine  TTF-TCNQ s i n g l e  c r y s t a l s ,  each %1.2 by 0.15 c m  i n  size.  
The h igher  frequency measurements were made on one of these 
l a r g e  c r y s t a l s .  
u r ing  t h e  r e f l e c t a n c e  of gold-coated mosaics ( i n  t h e  f a r  
i n f r a r e d )  o r  c r y s t a l s  ( a t  h igher  f requencies ) .  By compar- 
ing t h e  s i g n a l  r e f l e c t e d  by a sample t o  t h a t  r e f l e c t e d  from 
t h e  same sample coated wi th  gold,  a c c u r a t e  va lues  f o r  t h e  
r e f l e c t a n c e  could be obtained.  

Reference s p e c t r a  were obtained by meas- 

The sample temperature  w a s  i n f e r r e d  from t h e  dc  resis- 
tance17 of one of t h e  c r y s t a l s  i n  t h e  mosaic. 
b ra t ion  was important because r a d i a t i o n  from t h e  spectrom- 
eter and from t h e  room hea ted  t h e  sample, causing i t  t o  
remain a t  a h igher  temperature  than ind ica t ed  by t h e  the r -  
mometer i n  t h e  He l i t r an .  The o f f s e t  a t  low temperatures  
w a s  l a rge :  t h e  thermometer i nd ica t ed  6 K;  t h e  sample t e m -  
pe ra tu re  w a s  25 K. 

This c a l i -  

III. RESULTS 

Figure 1 shows t h e  1 - a x i s  r e f l e c t a n c e  of TTF-TCNQ a t  25 K, 
60 K and 300 K. The plasma edge is c l e a r l y  seen between 
5000 c m - l  and 7000 cm-l a t  a l l  t h r e e  temperatures .  There 
is cons iderable  s t r u c t u r e  i n  t h e  r e f l e c t a n c e  between 
300 cm-l and 2200 c m - l ,  t h e  reg ion  where t h e  TTF and TCNQ 
molecules have t h e i r  f requencies  of i n t e r n a l  v i b r a t i o n .  
A t  300 K and 60 K t h e  f a r - in f r a red  r e f l e c t a n c e  has  nega- 
t i v e  s l o p e  and approaches u n i t y  as t h e  frequency goes t o  
zero,  a s  expected f o r  a good conductor.  I n  c o n t r a s t ,  t h e  
25 K r e f l e c t a n c e  has  a very s t r o n g  f e a t u r e  between 40 cm-I 
and 300 cm-l; below 40 cm- 
s lope .  

t h e  r e f l e c t a n c e  has p o s i t i v e  

The temperature  dependence of t h e  r e f l e c t a n c e  at  
higher  f requencies  c o n s i s t s  of a sharpening of t h e  plasma 
edge and an inc rease  of t h e  r e f l e c t a n c e  wi th  decreas ing  
temperature.  
l y  un i ty .  

A t  500-600 c m - l  t h e  25 K r e f l e c t a n c e  is near- 
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1404 15301 D. B. TANNER and C. S. JACOBSEN 

PHOTON ENERGY (eV)  
0.003 0.01 0.03 0.1 0.3 I 

FIGURE 1. Reflectance 
of TTF-TCNQ f o r  e lec-  
t r i c  f i e l d  along t h e  b- 
a x i s .  Data are shown- 
on a logar i thmic  f r e -  
quency s c a l e  from 10 a - 1  
t o  20,000 cm-l f o r  t h r e e  
temperatures: 25 K, 
60 K and 300 K. 

I V .  DISCUSSION 

We have used Kramers-Kronig ana lys i s19  of t h e  r e f l e c t a n c e  
t o  ob ta in  frequency dependent conduct iv i ty ,  al(w), 
(Figure 2)  and t h e  real p a r t  of t h e  d i e l e c t r i c  func t ion ,  
E ~ ( w ) ,  (Figure 3).  These curves have many f e a t u r e s ,  which 
w e  w i l l  descr ibe  one a t  a time i n  t h e  fol lowing subsec- 
t ions.  

A. Room Temperature Conductivity 

On a s c a l e  t h a t  extends from zero  t o  l o 4  S2-l cm”, t h e  
300 K conduct iv i ty  does not  vary  much. 
value is 900 i2-I cm-l ,  i n  agreement wi th  t h e  dc conduc- 
t i ~ 1 t y . l ~  
peak around 800-1000 c m - l .  

The low frequency 

There is  a broad d i p  i n  t h e  in f r a red  and a s m a l l  
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LOW TEMPERATURE INFRARED STUDIES OF TTF-TCNQ [1531]/141 

TTF-TCNO 

Ellb 

- 25K 

300K 

- -  
. . . . . . . . . . 60K 

- 
- 
- 

----- 

PHOTON ENERGY (eV)  
0.003 0.01 0.03 0.1 0.3 I 

15000 

FIGURE 2 .  The f r e -  
- 25K quency dependent con- 

-5 10000 d u c t i v i t y  O f  TTF-TCNQ 
b - 
> 20,000 crn-l. Note t h e  
b 

V E scale. Data are shown 

between 10 cm-l and 

logar i thmic  frequency 

f o r  temperatures  of 
25 K, 60 K and 300 K. 

3 
5000 

8 

0 
10 30 100 300 1000 3000 10000 

FREQUENCY (crn- '  

FIGURE 3 .  The real 
p a r t  of t h e  d i e l e c t r i c  
func t ion  of TTF-TCNQ 
between 10 cm'l and 

PHOTON ENERGY (eV) 
0.003 0.01 0.03 0.1 0.3 I 

loooo 3 t I 
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1424 15321 D. B. TANNER and C. S. JACOBSEN 

B, Electron-molecular Vibra t ion  I n t e r a c t i o n  

Many ant i resonances o r  d i p s  occur i n  t h e  300 K conduct iv i ty ,  
Each of t hese  d ips  occurs  near  t h e  frequenc 
b ra t ion  of e i t h e r  t h e  TTF o r  TCNQ molecule;Y8 t h e s e  da t a  
suggest t h a t  e lec t ron-molecular  v i b r a t i o n  in t e rac t ions12  
play an  important r o l e  i n  t h e  e l e c t r o n i c  p r o p e r t i e s  of 
TTF-TCNQ. Most of t hese  f e a t u r e s  are seen in t h e  60 K and 
34 K spec t r a  a s  w e l l .  

of an Ag vi-  

C.  Charge-density Wave Phenomena 

The conduct iv i ty  a t  60 K has  a s t rong  maximum a t  t h e  low- 
est frequencies .  This  maximum e x t r a p o l a t e s  t o  g ive  a 60 K 
dc conduct iv i ty  of between 6000 W1 cm-' and 10,000 
62-l cm-l, i n  good agreement wi th  t h e  dc conduct iv i ty  of 
good but  not ex t raord inary  TTF-TCNQ c r y s t a l s .  l 7  
bute  t h i s  narrow zero  frequency peak i n  t h e  conduct iv i ty  
t o  a s l i d i n g  CDW. 
1000 i2-l cm'l; t h i s  va lue  probably r ep resen t s  t h e  s ing le-  
p a r t i c l e  con t r ibu t ion  t o  t h e  60 K conduct iv i ty .  

W e  a t t r i -  

The conduct iv i ty  quickly f a l l s  t o  around 

The 25 K conduct iv i ty  is s0 V1 cm-I a t  10 c m - l .  A 
s t rong  peak appears  a t  40 cm-l ,  which w e  a t t r i b u t e  t o  t h e  
charge dens i ty  wave, now pinned by t h e  three-dimensional 
order ing which occurs  i n  TTF-TCNQ a t  38 K. (Only below 
38 K do we see evidence f o r  t h e  pinned mode i n  our  f a r -  
i n f r a red  da ta . )  The inning frequency is higher  than pre-  
v ious ly  f o r  TTF-TCNQ; t h e  pinned mode is, 
however, r e l a t i v e l y  unambiguous i n  our  da ta .  

The e f f e c t i v e  mass of t h e  CDW can be i n f e r r e d  from t h e  
o s c i l l a t o r  s t r e n g t h  sum r u l e .  A s  descr ibed i n  an earlier 
p ~ b l i c a t i o n , ~  t h i s  sum r u l e  g ives  a t  25 K an  e f f e c t i v e  mass 
of @O m e  OK %20 rn* (me i s  t h e  f r e e  e l e c t r o n  mass and m* is 
t h e  band mass). 
can then be ca l cu la t ed  t o  be 1.6 x 
Drude form f o r  t h e  CDW conduct iv i ty .  A l t e rna te ly ,  t h e  
l i f e t i m e  can be i n f e r r e d  f o r  t h e  width of t h e  peak i n  
ol(w) a t  zero  frequency. 
is s10  
%5 x sec. I n  c o n t r a s t ,  a t  t h e  plasma edge22 
~ ~ ~ % 6  x sec. There are two o rde r s  of magnitude d i f -  
fe rence  between t h e  lifetime of t h e  CDW and of s i n g l e  par-  
t ic le  e x c i t a t i o n s  a t  t h e  plasma frequency. 

The l i f e t i m e  of t h e  s l i d i n g  CDW a t  60 K 
sec by assuming a 

The f u l l  wid th  a t  ha l f  maximum 
t h e  width corresponds t o  a l i f e t i m e  of 

The 25 K real d i e l e c t r i c  func t ion  has  as i ts  dominant 
f e a t u r e  t h e  s t r u c t u r e  between 20 cm-l and 100 cm-l a ssoc i -  
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LOW TEMPERATURE INFRARED STUDIES OF TTF-TCNQ [1533]/143 

a ted  wi th  t h e  CDW. 
3200, i n  good agreement wi th  microwave measurements .23 A t  
60 K and above t h e  low frequency d i e l e c t r i c  cons tan t  i s  
negat ive ,  cons i s t en t  with t h e  f i n i t e  dc conduct iv i ty  a t  
these  temperatures .  

The zero  frequency va lue  of E I ( W )  is  

D. The Energy Gap 

The 25 K ul(w) has  a very s t rong  narrow maximum a t  ~ 3 0 0  
cm-l. 
t u r e  is  probably t h e  s i n g l e - p a r t i c l e  energy gap i n  TTF-TCNQ. 
With 2A Q300 cm-l, t h e  mean-field Peierls t r a n s i t i o n  tem. 
pe ra tu re  Tp = 2A13.5 = 130 K .  
wi th  many o t h e r  estimates. 
sen t  (though somewhat smeared) a t  60 K but  is  almost com- 
p l e t e l y  washed out  a t  300 K. Note, however, t h a t  a t  a l l  
temperatures  E ~ ( w )  is p o s i t i v e  f o r  a s u b s t a n t i a l  range  of 
f a r - i n f r a r e d  f requencies .  A t  300 K, t h i s  range extends 
from ~ 6 0  cm-' t o  ~ 5 0 0  cm-l .  
is t h e  s i g n a t u r e  of an absence of f r e e - c a r r i e r  e x c i t a t i o n s  
i n  t h i s  frequency o r  energy range. 

The width of t h i s  peak is  only 200 cm-l. This  f ea -  

This  va lue  is c o n s i s t e n t  
The gap s t r u c t u r e  is s t i l l  pre- 

A p o s i t i v e  d i e l e c t r i c  cons tan t  

V. CONCLUSIONS 

Our da t a  support  t h e  p i c t u r e  of TTF-TCNQ as a Peierls- 
Friihlich conductor.  The h igh  dc conduct iv i ty  around 60 K 
and t h e  high microwave d i e l e c t r i c  cons tan t  around 25 K re- 
s u l t  from charge-density wave e f f e c t s .  A s o r t  of phase d i -  
agram of t h e  e l e c t r o n i c  s t r u c t u r e  of TTF-TCNQ on tempera- 
t u r e  frequency axes can be  i n f e r r e d  from our  d a t a  a long 
wi th  conduct iv i ty ,17  r e ~ o n a n c e , ' ~  and s t r u c t u r a l 1 &  s t u d i e s .  
It i s  shown on t h e  top  of t h e  next  page. 
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