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The infrared and v i s i b l e  ref lectance of lMTSF2PF6 i s  
reported. D a t a  are given a t  high and l o w  temperatures 
i n  the me ta l l i c  range and f o r  po la r i za t ions  along and 
perpendicular t o  t h e  highly conducting d i r ec t ion .  
Among the in t e re s t ing  f ea tu res  are a pseudogap i n  t h e  
f a r  infrared conductivity along the highly conducting 
direct ion,  and a mid-infrared plasma edge i n  the per- 
pendicular direct ion.  Unusual temperature dependent, 
near infrared absorptions may have implications f o r  
the band s t ruc tu re .  For comparison some da ta  on 
"MTSF2AsF6, TMTSF2C104, TMTSF2Re04 and "MTTF2PFg a r e  
presented. 

INTRODUCTION 

Complex 2:l sal ts  based on the molecules TMTSF (tetramethyl- 
te t raselenafulvalene)  and TMTTF ( t e t r ame thy l t e t r a th i a fu l -  

- 
*Work supported by the Danish Natural Science Research 
Council and the NATO Research Grants Programme. 
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26/[382] C. S. JACOBSEN, D. B. TANNER and K. BECHGAARD 

valene) combined with various inorganic anions are of g r e a t  
current  i n t e re s t .  These isomorphous materials exh ib i t  a num- 
ber of fascinat ing physical p rope r t i e s ,  including low tern- 
perature me ta l l i c  behavior', as w e l l  as superconducting2, 
a n t i f e r r m a g n e t i c l ,  Pe i e r l s3 ,  and order-disorder t r ans i t i ons3 .  

I n  the present work we have used in f r a red  and o p t i c a l  
spectroscopy t o  achieve an ove ra l l  p i c tu re  of the exc i t a t ion  
spectra  of TMTSF2PF6 as funct ion of temperature i n  the m e -  
t a l l i c  phase. For compaxison w e  have i n  addi t ion obtained 
selected d a t a  on other  materials i n  the  series. 

EXPERIMENTAL 

The measurements were done on s ing le  c r y s t a l s  of t yp ica l  
dimensions 5X0.7X0.3 m3. The morphology is such t h a t  t he  
c r y s t a l s  are elongated along the chain d i r e c t i o n  o r  c rys t a l -  
lographic %-axis. The l a r g e s t  o p t i c a l  faces  a r e  i n  the 5-b- 
plane. The d i r e c t i o n  perpendicular t o  5 i n  t h i s  plane is 
cal led b' .  The stacks of organic molecules form sheets  i n  
the  a -bp lanes  with anion l aye r s  i n  between. The t h i r d  d i -  
rectToz, c-, i s  roughly normal t o  t h e  sheets.  4 

Single c r y s t a l  polarized ref lectance da t a  were taken 

(TMTSR2PF6 
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FIGURE 1 Polarized ref lectance of 'IMTSF2PF6 a t  (a) 300K 
and (b) 25K. 
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OPTICAL PROPERTIES OF SOME TMTS(T)F*X COMPOUNDS [383]/27 

over the frequency range 10-25.000 cm-'. Single beam disper- 
s i v e  spectrometers were used i n  the mid-infrared through 
v i s ib l e .  The f a r  infrared measurements were done on a M i -  
chelson interferometer. The sample f o r  t h e  f a r  i n f r a red  w a s  
an assembly of o p t i c a l l y  aligned c r y s t a l s .  

s ta l  mount t o  a control led cold finger.  
The sample temperature was var ied by anchoring the  cry- 

RESULTS AND DISCUSSION 

In Fig l ( a )  and (b) w e  show the in f r a red  ref lectance of 
MTSF2PF6 polarized along 5 and b' a t  T = 300K and T = 25K 
respectively.  The e s s e n t i a l  new Feature, when compared t o  
t h e  ref lectance spectra  of other  quasi-one-dimensional con- 
ductors ,  is the r i s e  of a plasma edge i n  the perpendicular 
polar izat ion,  b' ,  a t  low temperature. This f ea tu re  has been 
taken a s  evidence f o r  TMTSF2PF6 being e f f ec t ive ly  two-dimen- 
s ional  a t  l o w  temperature5. While t h i s  transverse plasma 
edge is s i tua t ed  near 1000 ern-', t h e  edge f o r  E l l a  - is c lose  

(TMTSn2PF6 

Ella 
T = 25K 
T = lOOK 

___- Ts300K 
........... 

t:. . 
a m m m r x x , m a ,  

FREQUENCY (CM -1) 

FIGURE 2 
temperatures. Note t h e  logarithmic frequency scale .  

Chain a x i s  ref lectance of 'IMTSF2PF6 a t  various 
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28/[384] 

t o  7000 c m - l  and q u i t e  similar t o  t h a t  of o the r  organic con- 
ductors. Using a simple Drude model f o r  t he  ref lectance com- 
ponents and a tight-binding band s t ruc tu re ,  t he  pos i t i ons  of 
the plasma edges correspond t o  tight-binding t r a n s f e r  i n t e -  5 g r a l s  of 250 meV and 3 meV f o r  a and b respect ively . These 
numbers are  c l e a r l y  crude estimates since t h e  ref lectance 
spectra,  especial ly  a t  l o w  temperatures, are not q u i t e  Drude 
l ike.  The main deviat ions observed a r e  f o r  E l l a :  The minimum 
in t h e  f a r  i n f r a red  (below 300 cm-l), t he  drop-off i n  the  
1000-2000 cm-I range, and the apparent smearing of the plas-  
m a  minimum a t  8000-10000 c m - l .  For E ( l b '  a broad minimum 
appears around 10000 an'' a t  low temperature. The strong 
l i n e  near 840 c m - I  i s  easier t o  explain. I t  o r ig ina t e s  from 
the strong v ib ra t iona l  absorption i n  the  PFg-ion . 
implication of these non-Drude l i k e  f ea tu res .  

C. S. JACOBSEN, D. B. TANNER and K. BECHGAARD 

6 
In  the following w e  w i l l  d iscuss  i n  more d e t a i l  t he  

F M M M Y  CM-1 
810716 TMTSFZPFG PRR 

FIGURE 3 
temperatures. Note the  logarithmic ref lectance sca l e .  The 
curves a r e  a r b i t r a r i l y  displaced i n  the v e r t i c a l  direct ion.  

Chain a x i s  ref lectance of "lTSF2PF6 a t  various 
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OPTICAL PROPERTIES OF SOME TMTS(T)FzX COMPOUNDS [385]/29 

Chain Axis Data 

Star t ing with the chain a x i s  po la r i za t ion  we show i n  Fig. 2 
t he  temperature dependence of the ref lectance,  R, from 
15-20000 cm-l. A t  a l l  temperatures R heads toward uni ty  a t  
t he  lowest frequencies a s  appropriate  f o r  a conductor. This 
observation gives  confidence i n  the experimental d a t a .  
Going up i n  frequency a very c l e a r  minimum develops with 
decreasing temperature , centered around 50 cm-1 nd exten- 
ding from 20-300 cm-l. In the  range 300-1000 c m  t h e  ave- 
rage ref lectance l e v e l  goes from around 80% t o  j u s t  a few 
percent below 100% on cooling. Above 1000 c m - l  R f a l l s  
again. A r a the r  rapid f a l l  is observed near 1300 an-' a t  
T = 300K. A t  low temperature the  f a l l  i s  more gradual,  ex- 
tending t o  above 2000 cm-l. These l a t t e r  f ea tu re s  may be 
a t t r i b u t e d  t o  t h e  e f f e c t s  of  coupling between the  conduc- 
t i o n  electron and the intramolecular v ib ra t ions  i n  the  
?MTSF-molecules7. The f i n a l  complicating f ea tu re ,  i.e. t h e  
smearing of the plasma minimum is more c l e a r l y  seen in Fig. 
3,  which shows R on a logarithmic sca l e  a t  various tempera- 
t u r e s  and in  the  near i n f r a red  t o  v i s i b l e .  From 300K t o  

-f 

I ' " " " "  ' 7 ' ' ' ' ' ' 1  " ' ' " ' ' . '  

FREWENCY (CM -1) 

I " " " "  """" ' - 1 ' ' ' ' 1  

FIGURE 4 ( a )  Frequency dependent conductivity and (b) 
d i e l e c t r i c  function of TMTSF2PF6 as obtained from chain 
axis  reflectance.  Notice t h e  logarithmic frequency scales .  
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3043861 C. S. JACOBSEN. D. B. TANNER and K. BECHGAARD 

200K the depth of the minimum decreases by a factor  of 2. 
A t  l O O K  the m i n i m u m  has a l l  but gone and a t  30K a broad 
shoulder has appeared. The origin of t h i s  e f fec t  i s  clear ly  
a gradual growth of extra  absorption around 10000 cm-l. We 
offer  two possible explanations for  this absorption. F i r s t ,  
the weak dimerisation of the chains4 should introduce a 
small optical  absorption around 4t-lev (t is the t ransfer  
integral) .  The absorption increases quadratically with the 
dimerisation gap. Thus an increase in  dimerisation on cool- 
ing could give an e f fec t  as observed. The second possibi l i -  
t y  involves electron correlation effects .  In  that  case the 
optical  absorption near lev should crudely correspond t 
a charge transfer excitation involving double occupancy . 
However, it seems d i f f i c u l t  to  account for  the temperature 
dependence i n  such a picture. 

We now return t o  discuss the low frequency range. The 
data of Fig. 2 have been analyzed by the  Kramers-Kronig 
transformation9 to  give the  frequency dependent conductivi- 
t y  and d ie lec t r ic  function, which a re  shown i n  Fig. 4 (a) 
and (b ) .  

8 

(TMTSF),PF, 
Ell U 

. . . . . . . . . . . . TI lOOK 
T:. x)oK 

- T 25K 

__-_ 

FIGURE 5 
temperatures. Note the logarithmic 

b-axis reflectance of TMTSF2PF6 a t  various 
frequency scale. 
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OPTICAL PROPERTIES OF SOME TMTS(T)FzX COMPOUNDS [387]/3 1 

It  is evident t h a t  t he  low f a r  i n f r a red  ref lectance 
corresponds t o  a r a t h e r  low f a r  i n f r a red  conductivity: A l -  
most a l l  t h e  intraband o s c i l l a t o r  s t rength i s  contained i n  
the peak centered a t  300-400 an-'. The width of the peak 
is  about 200 cm-l a t  25K, bu t  increases t o  about 1500 cm-l 
a t  300K. The low f a r  i n f r a red  conductivity i s  remarkable 
i n  view of the re o r t ed  DC and microwave conductivity 
(aDc = 2 - 5 ~ 1 0 ~  f i - t m - l  a t  T = 25K10). The 300 K conductivi- 
t y  extrapolates  qu i t e  w e l l  t o  t he  co r rec t  DC value. In con- 
t r a s t ,  t he  frequency dependent conductivity a t  low tempe- 
r a tu re s  m u s t  contain a very sharp, almost d e l t a  function 
l i k e ,  contr ibut ion a t  zero frequency. The o s c i l l a t o r  
s t rength of t h i s  contr ibut ion can be estimated from the 
ref lectance or  from the d i e l e c t r i c  function, El (Fig. 4 ( b ) )  . 
As R-t l  f o r  d, El is  r o l l i n g  off  t o  high negative values. 
Thus the data  d i r e c t l y  ind ica t e s  the existence of t h e  
sharp zero frequency mode. A l e a s t  squares f i t t i n g  t o  the 
measured ref lectances ind ica t e s  a s t rength i n  t h e  mode of 
order 1-2% of the s t rength i n  the 300 cm-l peak. The re- 
f lectance i n  the  measured range is  q u i t e  i n sens i t i ve  t o  

FREWEKY Cn-1 
810717 TMTSF2PF6 PERP 

FIGURE 6 b-axis ref lectance of  TMTSF2PFg a t  various tempe- 
ra tures .  Note t h e  logarithmic ref lectance scale.  The curves 
a r e  a r b i t r a r i l y  displaced i n  the  v e r t i c a l  direct ion.  
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32/[388] C. S. JACOBSEN, D. B. TANNER and K. BECHGAARD 

the width of the narrow mode, which therefore  only can be 
determined i n d i r e c t l y  from the known DC-conductivity. 

f a r  infrared properties.  
Presently we can o f f e r  no explanation f o r  the anomalous 

D a t a  f o r  Other Directions 

The temperature dependence of t he  b '-axis ref lectance is 
shown in Fig. 5. Here it i s  q u i t e  evident how the  gradual 
r i s e  i n  R as &PO a t  300K (corresponding t o  an overdamped 
plasmon), sharpens up t o  a well-defined edge with an asso- 
c i a t ed  minimum a t  1200 cm-I a t  low temperature. Superimposed 
a re  various v ib ra t iona l  l i nes .  As mentioned above, the 
growth of the edge i s  no t  the only temperature dependent 
feature. The development of the new near-infrared absorp- 
t i o n  is more c l e a r l y  seen i n  Fig. 6,  which shows the  near 
infrared t o  v i s i b l e ,  temperature dependent ref lectance on a 
logarithmic s c  l e .  The 300K spectrum shows one resonance 
near 15000 c m  , which t e n t a t i v e l y  is iden t i f i ed  as the  
lowest i n t e rna l  exc i t a t ion  i n  t he  TMTSF0/TMTSF- molecules. 

-7 

T =  2!5K ........... TI lOOK 
T==K 

B ii.-; s i3 
8 

..... ................. : . ____ - --A- 

I . . . . . . .  I . I . . . . . .  I 
a m m m o m o w m r  

FEWENCY CM-1) 

FIGURE 7 
along b' as obtained from ref lectance.  Note t h e  logarithmic 
frequency scale. 

Frequency dependent conductivity of TMTSF~PFG 
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OPTICAL PROPERTIES OF SOME TMTS(T)FzX COMPOUNDS [389]/33 

A t  200K a remarkable change has occurred: a sharp minimum 
near 13000 c m - I  has developed. On cooling t h i s  minimum is 
sh i f t ed  t o  lower frequencies. 

is  presented i n  Fig. 7 as the frequency dependent conducti- 
v i ty .  The new low tempexature absorption band is centered 
around 5000 c m - l .  The temperature dependence of the  l i n e  
suggests t h a t  it i s  very s e n s i t i v e  t o  t h e  thermal contrac- 
t i o n ,  e.g. interatomic dis tances .  Thus it i s  conceivable 
t h a t  important changes i n  the band s t ruc tu re  take place on 
cooling. Another possible in t e rp re t a t ion  again involves cor- 
r e l a t i o n  effects :  the absorption could be a temperature de- 
pendent charge t r a n s f e r  band corresponding t o  an o n s i t e  
Coulomb repulsion. 

F ig .  7 also shows the  intraband Drude contr ibut ion 
(below 2000 cm-'). A t  25K it i s  reasonably well-defined and 
apa r t  from vibrat ional  s t r u c t u r e  it is qu i t e  Drude l i ke .  
The extrapolated zero fxequency value i s  somewhat higher 
than the measured ah&, which, however, i s  not very accurate- 
l y  determined. 

A Kramers-Kronig transformation of the data  i n  Fig. 5 

FREOUENCY CM-I 
810710 THTSF2ASF6 PERPZ 

FREQUEKY Cb-l 

810709 THTSFZRSF6 PERP 

FIGURE 8 
and (b) E l l - 5  a t  300K and 30K. 

Polarized ref lectance of ZMTSF2AsF6 f o r  (a) Ellb' - 
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34/[390] C. S. JACOBSEN, D. B. TANNER and K. BECHGAARD 

In order t o  v e r i f y  the in t e rp re t a t ion  of the 1000 cm-I 
edge i n  ref lectance as a me ta l l i c  plasma edge, w e  have re- 
peated the measurement on o the r  materials. As expected, the 
s t ruc tu re  is absent i n  t h e  non-conducting l o w  temperature 
s t a t e s  of TMTSF2Re04 and TMTTF2PF6 (see a l s o  below). 

Fig. 8 ( a )  and (b) show on a l i n e a r  s ca l e  the  b_' and 
-5 reflectance components i n  PfTSF2AsF6 a t  300K and 30K. 
This material  is q u i t e  similar t o  the  PFg-compound, but  it 
is  avai lable  i n  l a r g e r  c r y s t a l s ,  thus making the  t h i r d  d i -  
rect ion accessible f o r  o p t i c a l  experiments. As expected, 
the behavior along b' is q u i t e  similar t o  t h a t  of TMTSF2PF6, 
E l l F ,  while t h e  -c po la r i za t ion  merely shows a strong 
AsFg band near 7 0 0 1 m - ~ .  

of special  interest because it has a superconducting ground 
s t a t e  a t  ambient pressure12. P a r t  of t h e  explanation f o r  
t h a t  could be the  smaller interchain dis tances  found here12. 
The r e su l t an t  l a rge r  contact along should show a s  a blue 
s h i f t  of the plasma edge. N o  such e f f e c t  is evident from 
Fig. 9 (as compared t o  Fig.  8 ( a ) ) .  However, a de ta i l ed  f i t  
which takes i n t o  account the v ib ra t iona l  bands, suggest a 

Fig. 9 presents s i m i l a r  d a t a  f o r  TMTSF2C104, which i s  

FREWEKY CH-1 

810630 THTSFZCLOl PERP 

FIGURE 9 
a t  300K and 30K. 

Polarized ref lectance of TMTSF2C104 f o r  Elfb'  - 
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OPTICAL PROPERTIES OF SOME TMTS(T)FzX COMPOUNDS [391]/35 

-15% increase i n  t ransverse plasma frequency going from the 
AsFE t o  the ClO; compound. The corresponding increase i n  
t, would be approximately 30%, which i s  a s izable  e f f ec t .  

Semiconducting Materials 

It is  i n s t r u c t i v e  t o  compare t h e  chain axis exc i t a t ion  spec- 
t r a  of  TMTSF PF and other  mater ia ls  i n  the s e r i e s  with qua- 
l i t a t i v e l y  d i f f e r e n t  e l ec t ron ic  propert ies .  

I n  Fig. 10 (a )  and (b) we show the  frequency dependent 
midinfrared conductivity of TMTSF2Re04 a t  300K and 40K. I n  
t h i s  material  a 3D ordering of t he  Re04 ions provokes a 
sharp t r a n s i t i o n  a t  183K from a conducting t o  a 
ducting s t a t e l r 3 :  Already a t  room temperature (Fig. 10 (a) ) 
the  v ib ra t iona l  s t r u c t u r e  i s  stronger than i n  TMTSF2PF6 and 
the conductivity peak i s  centered around 1000 cm’l. Below 
t h e  t r a n s i t i o n  (Fig. 1 0 ( b ) )  t he  p i c t u r e  has d r a s t i c a l l y  
changed. A c l e a r  gap i n  t h e  continuum has appeared a t  -1500 
c m - l  i n  reasonable agreement with the value deduced from the  
DC conductivity ac t iva t ion  energy (-1400 cm-’) 13. The very 

? 6  

semicon- 

FIGURE 10 
a t  (a) 300K and (b) 30K as  obtained from chain a x i s  r e f l ec -  
tance. 

Frequency dependent conductivity of TMTSF2Re04 
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strong absorption l i n e s  below t h e  gap o r ig ina t e  from t h e  
electron-molecular-vibration coupling and contains in fo r -  
mation on coupling constants etc.14. Note t h a t  t he  strong 
l i n e  near 1300 cm-1 shows up as a broad indentat ion i n  t h e  
300K spectrum. 

the  frequency dependent conductivity a t  300K of TMTTF2PF6, 
E 11 a.  This material i s  bas i ca l ly  semiconducting with 
aDC~300K)-20 (0-lcm-l) 15. The l o w  conductivity i s  thought 
t o  be due-to the  band being narrow as compared t o  t h e  on- 
s i t e  Coulomb repulsion. Correspondingly the infrared spec- 
trum shows the intraband o s c i l l a t o r  s t r eng th  centered 
around 2200 cm-l. On the  low energy s i d e  t h e  e f f e c t  of the 
vibrat ional  coupling is  again c l ea r .  

C. S. JACOBSEN, D. B. TANNER and K. BECHGAARD 

The f i n a l  example i s  given i n  Fig.  11. Here is  shown 

F A E M M Y  CM-1 
810323 TMTTFZPFG PRR 300K NY 

FIGURE 11 
a t  300K as obtained from chain a x i s  ref lectance.  

Frequency dependent conductivity of !l%TTF2PFg 
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OPTICAL PROPERTIES OF SOME TMTS(T)FzX COMPOUNDS [393]/37 

CONCLUSIONS 

We b r i e f l y  summarize the  r e s u l t s  and the  implications: 

1. The existence of a transverse plasma edge i n  the 
sheets  of TMTSF stacks is  well established. The pos i t i on  of 
the edge does not change d r a s t i c a l l y  from material t o  mate- 
r i a l .  N o  edge is  found along 5 Thus the conducting 'IMTSF2X 
mater ia ls  can be described a s  anisotropic  quasi-twodimen- 
s ional  metals a t  low temperature. 

2 .  The d i s t r i b u t i o n  of o s c i l l a t o r  s t rength along the  
chains i s  highly anomalous a t  low temperature. The pseudo 
gap i n  t h e  f a r  infrared m u s t  be explained b 
A similar f ea tu re  was observed i n  WF-TCNQ'', but  has there  
been explained i n  terms of charge densi ty  wave formation. 
N o  charge densi ty  waves have been seen i n  TMTSF2PF6 

have been observed. These could ind ica t e  q u a l i t a t i v e  chan- 
ges i n  band s t r u c t u r e  with temperature. Supplementary work 
is  needed f o r  c l a r i f i c a t i o n .  

well a s  semiconducting materials should prove useful i n  
gaining understanding of t he  e f f e c t s  of electron-phonon 
coupling, Coulomb co r re l a t ion  e f f e c t s ,  and over-al l  band 
s t ruc tu re .  

a proper theory. 

3 . 
3. Temperature dependent near infrared absorptions 

4. Comparative s tud ie s  on i s o s t r u c t u r a l ,  conducting as 
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